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INTRODUCTION 

The  my  In  which  obligate  parasites  Meh  as  the  plant  rusts 
obuin  nourishment  fron  their  hosts  Is  an  Intriguing  proble«»  not  only 
In  its  own  right,  but  also  In  furthering  the  understanding  of  disease 
relet lonshlps.  V.  M.  tutter  (In  collaboration  with  N.  Hotson)  was 
the  only  one  who  has  reported  a  successful  adaptation  of  a  rust  organisa 
to  •rtlficlal  MdU  (17).    In  a  paper  presanted  in  I95I  (16),  he 
•dwancad  the  hypothesis  that  obligate  parasites  retire  phosphorylated 
tntenaediates  from  their  hosts  end  suggested  that  either  nucleotides 
•r  sugar  phosphates  night  Met  these  requirewwts.   Nis  induction,  besed 
•n  previous  work  of  others  together  with  his  own  observations,  mk»% 
•  reasonable  arguaant.    It  wat  this  paper  that  stinulated  the  worit  in 
this  thesis. 

If  Cutter's  hypothesis  Is  correct,  one  would  expect  the  presence 
of  obligato  parasites  to  alter  carbohydrate  Mtabolisa  In  plants.  Tlia 
»ost  obvious  change  that  occurs  in  susceptible  plents  Infected  with 
ni»t  or  midew  Is  a  striking  increase  In  ratas  of  respiration  (39,  52). 
Tha  henose  Monophosphate  shunt  seem  to  participate  More  In  the 
raspiration  of  rusted  plants  than  It  does  In  healthy  plants  (18,  ky), 
and  rates  of  photosynthesis  are  generally  reduced  after  Infections  by 
the  rusts  end  mildews  (2.  33.  kS,  l»6).   Changes  in  levels  of  phosphate 
coapounds  at  Infection  sites  (23,  26)  have  im>llcated  phosphate  MetabolisM 
as  playing  an  laporunt  part  in  the  growth  of  obligate  parasites.  At  the 
present  tis»,  none  of  these  observed  changes  can  be  directly  corralated 
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with  tiM  •bility  of  th«  parasite  to  obuin  faod  frm  Its  host. 
NcMOver,  kHmii  photosynthesis  in  Infected  plants  is  stopped  by  placing 
the  plants  In  the  dari(  or  In  a  carbon  dloKlda*fraa  ataosphere,  tha 
davelopnent  of  the  parasite  It  afta  stopped,  tiit      an  external  earbo* 
hydrate  source  Is  iRMle  available  to  these  planU,  the  parasite  contlnuaa 
te  develop  nofHilty  (16)* 

■   ■  -Y-H  ■  .    . .    .   ■         ...  "  .  . 

If  ttie  observations  Just  nant toned  are  to  be  brought  together  and 
Investigated  More  thoroughly,  aore  «ust  be  learned  about  the  relation- 
ships betMoen  obligate  parasltISM,  carbohydrate  aetebollsa,  and  phos« 
phorytated  Interawdlates.   One  way  to  do  this  is  to  assuae  that  Cutter's 
hypothesis  Is  correct  and  that,  aore  specifically,  scae  of  the  later* 
aedlate  products  of  photosynthesis  are  laportent  In  the  natrttlon  of 
the  obligate  parasites.  This  leads  to  a  further  assua|>tion  that  the 
photosynthetic  reactions  In  tha  susceptible  plant  Mould  respond 
differently  to  Infection  than  those  In  the  resistant  plant. 

Therefore,  I  hypothesize  that  photosynthetic  phosphorylation  is 
stiaulated  in  s«isceptible  rust-Infected  plants,  whereas  It  Is  either 
unchanged  or  depressed  In  res i stent  infected  plants.  Photophosphory- 
lation  produces  the  first  stable  Interaediate  of  photosynthesis,  vli. 
ATF.  and  the  process  aay  be  studied  by  using  isolated  chloroplasts.  A 
study  of  the  rates  of  photophosphorylation  in  chloroplasts  under  the 
proper  conditions  should  reveal  whether  the  parasite  interferes  with 
the  light  reectlon  so  that  ATT  production  Is  either  stiaulated  or 
depressed. 


mrCftlALS  AND  HETHODS 

Bioloaical  — f  rial  ■  "A^:'':' 

Host  and  praslf  .-^TVw  virttttM  of  mts»  Avona        war*  used 
together  with  Race  290  of  the  crown  rust  fungus.  Pucclnie  coronete 
€4t.  f.  Bp.  evenee.    Florllend  (reaction  type  of  3  -  4) <  was  used  as 
the  sttseeptlble  variety.   The  resistant  variety*  C.|.  7233,^  gives  a 
reaction  type  of  0  -  I .    Seed  of  Florlland  oats  were  obtained  fro* 
the  Florida  Agricultural  Experi«ent  Station,  Gainesville,  and  seed  of 
C.I.  7233  fro«  N.  D.  Sianns,  Iowa  State  University.  Ams.    Race  290 
was  Mlntalned  by  uredial  transfers  on  aature  Florlland  plants  In  the 
greenhouse,    inoculations  were  nada  by  wetting  the  plants  with  0.01  per 
cent  TWeen  20  in  Up  water  and  then  dusting  on  the  spores  In  a 
Mixture  with  tale.   Plants  were  Itept  In  a  polyethylene  aoist  chanber 
for  12  -  2k  hours.   The  urediospores  were  collected  with  a  vacwM- 
type  spore  collector  and  stored  at  5**  C.    Viability  was  usually 
Mintalnad  for  two  to  three  weeics.   The  race  was  checited  periodieatfy 
for  eontaaiinatlon  by  testing  it  on  a  set  of  five  differentials.  After 
a  suspected  contaai nation  In  August.  1962,  the  stock  was  renewed  with 
a  sai^ila  of  the  original  collection  froM  Quiney,  Florida. 

experiwental  plants. —Only  the  first  seedling  leaves  of  young 

^Standard  reectlon  type  classification  for  cereal  rusts*    "O"  - 
necrotic  fleclts,        -  Minute  uredla.  ...•«*»••-  Urge  uredl'a. 

^.1.  refers  to  accession  numbers  used  by  the  Cereal  Croes 
Research  Branch,  u.  S.  Dept.  Agr. 


plants  8-20  days  old  ware  used  as  ejipartnental  natartal.  Ttia  two 
varieties  are  unlike  In  their  growth  habits  since  C.|.  7233  geminates 
Mora  rapidly,  produces  a  longer  fad  aarrower  leaf,  and  subse^ently 
tends  to  lodge  «ore  easily  than  Florlland.  tut  since  there  was  no 
Indication  that  the  chloroplast  preparations  fron  each  variety  were 
basically  different,  Florlland  was  grown  for  aost  of  the  pretlalnary 
experinents* 

Flants  used  In  the  early  OMperinents  were  grown  In  flats  of  aatliyl 
broalde  treated  soil  In  the  greenhouse.  An  ev«qK>rator-type  cooling 
systen  with  a  steady  current  of  air  pulled  through  onlst  pads  Maintained 
•  te^parature  range  of  24  *       (  at  the  level  of  the  plants.  The 
rttattva  hwldlty  MSuatly  varied  fron  50  -  100  per  cent,  but  was  near 
90  per  cent  aost  of  the  tlsie.   Uter,  plants  were  grown  under  controlled 
conditions.  They  were  planted  In  flats  of  varalcullte  In  the  greenhouse 
and  watered  with  tap  water  for  three  to  four  days.  When  the  first  leaves 
anerged  fros  the  coleoptiles,  the  flats  ware  Mved  to  a  roo«  regulated 
for  22^  C  In  which  the  Mnlaun  tenperature  variation  was  20  •  25^  e  and 
the  relative  hualdlty  variation  was  50  -  70  per  cent.   Light  was  supplied 
by  eight  i»0-watt  warMhtta  flueraseaat  Uaips  (ealsslon  Mxlnun:   660  a^) 
Mpplenented  with  three  SO^tt  Incandescent  bulbs  to  give  700  -  800  foot- 
candles  illuMlnatlon^  at  midway  the  height  of  the  plants.   Because  of 
yoMfbla  danaga  to  the  seedlings  from  ultraviolet  radiation  anitted  near 
the  ends  of  the  fluorescent  lamps,  the  light  was  filtered  through  single 
thickness  glass.  The  light  period  was  malnUined  at  14  hours  out  of  24 
by  means  of  an  automatic  timer.  Alt  flats  were  partitioned  Into  two 

^Illumination  was  measured  with  a  direct  reading  Weston  Incident 
light  mater. 


coopartiMnts  to  that  both  varieties  were  grown  side  by  side.  They 
were  siqi>plled  with  NoagUnd*s  solution  in  deiontsed  water  once  daily. 
All  of  the  conparatlve  studies  with  healthy  and  diseased  plants  and 
MM  of  the  prellalnary  experiments  were  carried  «it  with  plants 
frown  under  these  controlled  conditions. 

Inoculation  of  the  experimental  plants  was  the  sane  as  that  described 
for  the  nwrte  plants  except  ttet.  •  weighed  quantity  of  uredlospores  was 
used,  farlatlon  In  the  Intensity  of  Infections  with  different  batches 
of  spores  was  an  occasional  problem.    In  the  controlled  environment 
fffm  fleck  stage  of  infection  a^ieared  on  both  varieties  five  days 
after  Inoculation,  and  sporulatlon  began  on  Florlland  seven  to  ei^t 
days  after  inoculation.  The  seedlings  were  inoculated  nine  to  thirteen 
days  after  planting  and  were  usually  harvested  six  days  later. 

rUvin  mononucleotide  (sodium  saU),  vitamin  (4-amlne-2-methyl* 
t*naphtho1  hydroehtor Ida) ,  phanaxtna  methosulfate  (ll-«ethylphenazonlum 
methosulfate)*  edenostne  monophosphate,  and  adenosine  triphosphate 
mn  fMfchased  from  Nutritional  Blochemlcals  Corporation*  Cleveland, 
Ohio.  The  edenosine  diphosphate  (trisodlum  salt)  used  In  the  first 
preliminary  experiments  also  came  from  Nutritional  Blochemlcals,  but 
that  (AOf ,  monosodlum  salt)  used  In  the  rest  of  the  work  was  produced 
by  Pabit  Laboratories  and  purchased  from  California  Corporation  for 
•lochemical  Research,  Us  Angeles  63,  California.  The  |»(||«elilorofilMKiyl)- 
t,l-dlmethylurea  {cm)  was  ganereosly  supplied  by  N.  V.  vimer,  I.  I. 
duPont  de  Nemours  ft  Co.,  Wilmington  98,  Delaware.   Since  the  commercial 
preparations  of  AiP  ware  found  to  conUin  varying  amounts  of  AMP,  the 
percentage  of  the  pure  product  had  to  be  determined.  A  calculated 


mmk%r  of  iil«rg«ol«t  of  tbm  coMirclal  praparatlon  was  added  to  a 
OM^^tata  raiatfon  Mlxtura  eontatntng  a  fuantlty  of  chloroplasti  in 
oxcesf  of  that  iwedad  to  convert  all  of  tha  added  ADF  Into  ATT. 
Incubation  was  carried  out  in  the  liflht.  Md  Hie  nHdbM*  of  Mtermolet 
of  Pi  esterifted  was  detemined.  The  ratio  of  the  actual  awMnt  of 
W  used  to  the  calculated  amount  added  gave  the  purity  of  the  product. 

All  solutions  used  In  the  preparation  and  incubation  of  the 
ehloroplasts  were  Mde  with  glass  redistilled  water, 
rraaaratlon  of  chloroolasts 

The  conditions  for  Isolation  and  reaction  of  the  ehloroplasts 
were  worlced  out  during  the  eitperiaents  with  ehloroplasts  fros  healthy 
plants.  The  procedures  described  In  the  present  section  are  the  onaa 
tfcat  proved  to  be  the  most  satisfactory.  All  operations  with  leaves 
and  ehloroplasts  were  carried  out  on  Ice  with  preceolad  flasfware  and 
solutions  so  that  the  teN«>erature  was  leapt  ctesa  to  fl*  t. 

Leaves  were  harvested  by  cutting  the  seedlings  above  the  st«Bs 
and  iMMrsIng  iMMdlataly  in  Ice  water.  The  leave*  «ilf«  ^Ickly 
shaken  dry,  weighed,  rinsed  with  distilled  water,  and  shalcen  dry  again. 
They  were  then  cut  into  lengths  of  0.5  en  and  dropped  into  20  ml  of 
axtracting  solution.  This  solution  (10)  contained  0»l>  N  sucros««^ 
•An  0.01  N  NaCi,  and  0.02  M  ascorbic  acid.  The  pH  was  adjusted 

to  7.5  with  NaON.  The  extracting  solution  was  used  also  for  the 
tfMhlng  and  the  final  suspension  of  the  ehloroplasts.   Extraction  was 
carried  out  In  a  lOO-ail  container  with  a  VlrTIs  »«23"  honogenizer 
adjusted  to  a  setting  of  70  on  iu  rheostat  and  run  for  two  periods  of 
five  seconds  eech.   Four  g  of  leMw  ware  hoaogenlsad  In  this  way  each 
tiaa.  When  «ore  Material  was  needed,  the  procedure  was  dt^licated  with 


f  ■  • 

another  k  g  batch.  Tha  boaoganata  iMia  ftratna^  through  aight  layers 
of  eiiaasecloth  and  than  poured  Into  a  tO-ait  eat lu lose  nitrate  centrifuge 
tube  which  was  encased  in  Ice  within  an  8(Hat  tube.  A  Servall  angle 
CMtrlfuge,  type  SP,  wes  wMd  inside  of  a  refrigerator.  The  hoongenete 
frm  tafected  leaves  and  thetr  controls  was  first  eentrlfuged  at  500  x  £ 
for  two  Minutes;  the  supernatant  fraction  was  saved  and  eentrlfuged  at 
1000  X  £  for  ten  alnutes;  the  pellet  was  resuspended  In  20  ml  fresh 
solution  and  washed  by  centrlfuging  again  at  1000  x  £  for  ton  alnutos. 
The  final  pellet  was  saved  and  resuspended  in  1  -  2  m1  fresh  solution. 

Rasiiflpanding  the  pellet  aontaats  untfomly  was  difficult  because 
of  their  Mucilaginous  consistency.  The  most  suitable  method  tried  In- 
volved the  use  of  a  glass  stirring  rod  tipped  with  a  inill  place  of 
atoorbent  cotton  (7). 

the  chloroplast  content  of  the  final  suspension  was  adjusted  by 
deteraining  the  chlorophyll  concentration  In  an  all^t  and  then 
adding  enough  extracting  solution  to  give  the  desired  dilution.  . 
The  usual  adJustMnt  was  to  0,k  ng  of  chlorophyll  per  ml  of  tuipafisioii. 
ly  this  extraction  procedure,  4  g  of  leaves  yielded  OJ  •  t.O  ng  of 
chlorophyll  or  enough  ohloroplasts  to  make  up  a  little  nore  than  2  al 
of  S«ifpaatioa. 

V     Ir:  MM  of  the  pre1t«lnary  aiiperliiants  the  chlorophyll  eoncen* 
tration  was  not  adjusted.    It  was  found  later,  however,  that  the  rato 
•f  phosphorylation  In  tenn  of  Pi  uptoke  per  ng  chlorophyll  per  hour 
Increased  with  the  Increase  in  chlorophyll  concentration;  therefore, 
a  correction  had  to  be  applied  to  sane  of  the  data  so  that  they  could 
be  compared  between  experlnents.  The  correction  factor  wtt  based  on 
the  slope  of  the  regression  line  calculated  fron  the  plot  of  the  rate 
of  PI  uptoke  against  chlorophyll  concentration  (figure  I).  This 
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Fig.  I.    Regression  line  calculated  for  the  plot  of  rate  of  Pi 
uptake  against  chlorophyll  concentration  and  used  as  a  correction 
curve  for  some  of  the  experiments  with  chloroplasts  from  healthy 
plants.    The  linear  relationship  does  not  hold  below  20  and  above 
50  ^9  of  chlorophyll.    Results  of  the  experiment  from  which  these 
data  were  calculated  are  shown  in  Fig.  6.  curve  a.    Reaction  time, 
10  min.     Illumination,  4000  f-c.    Total  vol,  2  m7. 


WFltd  bmtn—n  toM  aitpftriMmtt*  md  It  Mitt  found  to  b«  • 
lunettcNi  of  the  voltM  of  ttw  roactlon  mmilm  as  well  «s  of  chlorophyll 
concentration.  Therefore,  the  correction  was  used  only  with  those 
«^periiM»its  In  whieh  the  reaction  Mixture  was  2  u\,  the  original 
concentration  of  chlorophyll  was  within  the  limits  of  the  regression 
curve,  and  envlromental  factors  sueh  as  Incubation  t low  and 
lUwilnatlon  were  not  virtad.  At  tisad,  the  correction  was  eontt4er«d 
accurate  for  standardizing  the  chlorophyll  to  0.0k  ng  per  ml  of 
raaetloo  Mixture* 
Keactton  conditions 

The  composition  of  the  reaction  medium  for  photophosphorylatton 
was  modified  from  the  procedures  used  hy  Amon  (7)  and  Avron  (10)  and 
was  altered  somewhat  during  the  course  of  the  experimentation.  The 
standard  mixture  described  below  was  estabtl»had  by  the  time  the 
preliminary  experiments  were  completed.  Tha  aoneantratloRS  of  tha 
components  ere  not  highly  critical  except  that  there  must  be  a 
•uff  Ulant  amount  of  AST  and  r I  and  an  optimal  amount  of  cofactor. 
Ngelj  oeneantratlon  may  be  varied  considerably  under  the  conditions 
used  here  without  any  effect  on  chloroplast  activity*  although  the 
aplM  Ng^iOtfP  ratio  Is  apparently  2/1  (kO). 

A  sufficient  amount  of  reaction  medium  for  a  given  experiment 
was  made  up  without  the  chloroplast  suspension  and  adjusted  to  pM  7.5 
with  a  Coleman  Model  28  meter,    ft  was  then  pipetted  Into  the  main 
eoi^rtments  of  conical  Warburg  vessels  containing  0.1  ml  of  2ii 
perchloric  acid  In  their  single  sldaarms.  Tba  vmaiala  warm  than 
ehllled  in  e  pan  of  ice  before       at  of  ehloroptast  suspensfon  was 
added  to  each.   Each  main  compartment,  then,  contained  1.0  ml  of  the 


conpttte  rMctlon  «lxtur«  nad«  up  of  the  follcwing  i  unpoiitnLj  (flgyr«t 
In  «icroiK»l«s  except  for  chlorophyll}:  sucrose,  kO;  Tris,  25;  K2HPO4, 
61  Mcorbete,  10;  HgClj,  6;  mh  H  W»t  imii  to 

•<Ji»t  pNi  end  ohloroplasts  contatfilng  approMlMtely  0.04  ag  chlorophyll. 
The  ABP  was  not  dissolved  and  the  ascorbic  acid  was  not  neutral  lied 
ttAtil  thay  iMfa  fttt  Into  the  rwotlon  mdiua.    If  additions  were  Mda 
t»  Hit  •fxtttra,  they  were  pipetted  Into  the  vessels  Individually  In 

0.  1  Ml  aaounts  before  the  chloroplasts  were  added,  but  the  orlglMl 
liMtion  Mixture  wes  adjusted  so  that  the  total  voIom  was  always 

1.  d         In  earlier  eiiperlments,  the  complete  mixture  was  nade  up  to 
2.0  Ml]  this  offered  no  94mmti$  «nd  harf  the  disadvantage  of  Mailing 
i  longer  light  path.  The  saro  ttMe  controls  were  identical  to  the 
others  except  that  they  were  aada  up  In  test  tubes.  All  reactions 
ware  ntn  in  duplicate. 

*  »reiMtll  varfaurg  apparatus  with  a  circular  plexiglass  bath 
chHiier  was  used  for  incubetion.  The  bath  t«i^rature  was  nintalned 
•t  15  *        C  by  puMping  Ice  water  through  a  eell  t«Mn«d  fii  the  bath, 
the  light  was  furnished  by  fourteen  40-watt  incandescent  bulbs  arranged 
in  a  circle  5.5  cm  directly  beneath  the  bottoMs  of  the  vessels.  TImm 
IISHts  provided  an  llluslnatlon  of  2800  foot-candles  at  the  level  of 
the  vessels.  Additional  lights  were  supplied  by  using  six  150-wBtt 
floodlSMps  placed  at  a  distance  of  32  cm  from  the  vessels.  When  both 
sets  of  lights  were  used  together,  the  I  Hum!  net  Ion  was  kiJOO  foot- 
candles.   Sut  since  the  luMinous  intensity  of  the  floodlM|>s  was  not 
ttntfonit  this  greater  llluMlnatlon  was  unsatisfactory  and  was  not  used 
In  the  Inter  experlMaRts. 

The  vessels  were  ^ilcldy  attached  to  the  oanoMtera,  placed  In 


1k 

poiUloiit  md  f  lutlMd  with  dry  nitrogen  for  2  1/2  nlnutot  at  •  rata 
Mfffefant  to  pass  I  liter  through  each  vessel,   nitrogen  was  used  In 
all  eMparlamits  except  those  specifically  neteil,  the  sto«»cocks  were 
closed  and  the  reaction  started  by  turning  on  the  lights  and  starting 
the  shaker.  At  this  tlae  the  perchloric  acid  ms  added  to  the  xero 
tiaa  controls  which  ware  atlll  In  the  Ice  iMith.  Tliar*  m 
MMurable  reaction  frm  tlia  tt«e  the  flasks  were  renoved  froei  the 
Ice  until  the  lights  were  turned  on.  Dark  controls  were  run  In 
MUSI*  covered  with  alualnua  foil.  At  the  end  of  Incubation  (usual 
tint,  to  Minatas)  the  lights  were  turned  off,  the  perchloric  acid  was 
Amped  fro«  the  sidearm,  and  the  vessels  were  returned  to  an  ice  batb. 
Tha  contents  were  alued  thoroughly,  poured  Into  tubes,  and  centrlfuged 
•t  800  X  2  for  ten  nlnutes.  The  resulting  supernatant  fraction  was 
kept  at  0»  C  (or  -IT®  C  If  •varalfht)  for  analysis. 

f^sshm  .  ^^^^ 

tMC^^phyM  .--Chlorophyl  1  was  detemlned  by  the  second  oethod 


of  Amen  (4).  All^tt  of  0.1  «]  were  taken  fros  the  ehloroplatt 
•npaniiaii,  dllatad  to  10  nt  with  80  per  cent  aqueous  acetone,  filtered, 
and  read  at  652      on  a  Spectronle  20  spectrophotOMter.  The  concan* 
tratloa  was  calculated  on  the  basis  of  the  absorption  coefficient 
given  by  Arnon  for  a  coiblnatlon  of  chlorophylls  4  and  1^. 

tffprflfnfc  eh^ei£Ii£..>Tha  aatarl  float  loo  of  ft  nas  detemlned  by 
•Mbtfaetlng  the  anount  of  iNf  f «  tha  reaction  alxtitre  after  incubetioo 
from  the  Initial  anount. 

In  selecting  the  best  Method  for  deuralning  the  Pi  In  a  particular 
biological  systasi,  one  tf  «Mad  with  two  aajor  problens:  interference 
froa  other  coopounds  and  hydrolysis  of  labile  phosphate  aatars  during 


m 

thm  •Mlyttt.  Tte  Uwry  and  l.op«z  Mthod  (Jk),  dMtgiml  to  •tnt»iM 
hydrolysis  of  phosphate  esters  by  aaklns  use  of  a  Iom  aoidlty,  was 
found  to  be  unusabla  baoause  of  }iit«rf«rence.  The  tachnl^ie  devised 
W  ierenbltn  and  ehatn  (IS)  htm  provad  to  be  a  satisfactory  solution 
for  both  problsns.    It  enploys  the  usual  procedure  of  fonslng  phospho- 
l»lybdic  acid  tdiich  Is  then  reduced  to  a  blue  coaqplex,  the  Intensity 
•f  i4iteh  Is  proportional  to  the  anount  of  f  I  present  In  the  solution. 
But  the  uniqueness  of  the  technic  Is  Its  tftio-phase  systaia  la  which 
Ifci i^pjghpiaiyldlf  mH      «Ktraeted  with  an  organic  sotvwit  while 
the  phosphate  esters  and  Interfering  substances  are  left  In  the  a^eous 
phase.    In  the  original  prooadura*  the  phosphomolybdlc  acid  «Mtracted 
with  tiobutanol  and  was  then  raikiead  with  stannous  chloride.  The  process 
was  conpllcated  by  the  necessity  of  washing  the  Isobutanol,  but  It  was 
later  finpllflad  by  Hartln  and  itoty  (38)  who  used  I sobuUnol -benzene  as 
tha  organic  phase.  Further  oNxllf  Icatlons  were  nade  In  the  present  work 
by  using  butyl  aceUte  as  the  organic  solvent  (solubility  la  water  If 
«.5  9  par  loe  g  at  250  C  vs.  9.5  g  per  100  g  at  18®  C  ^  ttolHitanolh 
aseorbate  as  the  reducing  agent,  and  phase  separation  after  reduction 
Instead  of  before. 

The  proeadure  was  carried  out  as  follawti         iHwtyl  acetate, 
0.05  ml  of  the  acidified  supernatant  fraction,  and  3  •!  af  aseorbate- 
nolybdato  raafaot  {k  p«ru  0.25  per  cent  ascorbic  acid  In  water  slMad 
Jiiit  M»ra  using  with  I  part  5  par  cent  aMonluM  wlybdate  in  6  N  ^ 
sulfuric  acid)  were  added  In  order  to  a  test  tube.  The  Mixture  was 
•llanad  to  sit  for  one  ninute  and  was  then  shaken  for  I5  seconds.  After 
taparatlan  a  tart  altfuot  of  the  butyl  aceute  (upper)  phase  containing 
the  blue  phosphonolybdate  complex  was  pipetted  into  a  alaaa  tait  tuba. 
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a  Ml  of  95  p«r  cMt  •thtnol  added,  and  Uw  contents  aijced.  Absorbeney 
readings  were  aide  at  7$$     with  the  $pe«troatc  20.  Standard  curves 
were  prepared  each  tfae  with  0.1,  0.2,  and  0.3  ^Moles  of  R^HfOji  substl- 
tittad  for  the  supernatMit  fraction. 

In  view  of  the  dfff reuttfes  Involved  In  developing  dependable  H 
analyses.  It  alght  be  well  to  say  nore  about  the  ehMlstry  of  the 
fipetloo.    It  has  been  shown  that  folyWg  acid  nay  be  reduced  by  Mny 
u«|iuundB  but  that  this  reaction  is  greatly  accelerated  by  the  addition 
of  Pi  and  is  dependent  upon  the  acidity  of  the  solution  (I^Q. 

la  the  two«phase  systea  ii»^liMptMi»fyMI   acid  nay  be  entraeted 
froa  the  aqueous  phase  either  before  or  aftar  it  Is  reduced.    It  was 
found  oasessary  to  aiitr«ct  aftar  reduotlon  In  the  procedure  described 
ttt  tfctt  paper  beeauta  the  daount  of  aseorbate  In  the  chloroplast  si4>er- 
natant  fraction  m%  enough  to  Inltiau  reduction  as  soon  as  molybdate 
IMI  Thmrefore,  the  ascorble  aold  reasent  was  added  with  the 

Mfttybdate  so  that  reduction  would  go  to  co><pletlon. 

The  rate  and  extent  of  the  blue  phosphoaolybdate  davalopaent  were 
found  to  be  dependent  largely  upon  the  acidity*  tMiparatara,  and  voluae 
of  the  a^eous  phase.  An  Increase  In  the  hydrogen  Ion  concentration 
delays  color  davalopaant  whaa  «f«art>at«  It  wm  m  tha  reductant,  although 
Uli  iatay  ft  nat  «rdtt  wittl  Hm  hydrogen  Ion  ooneentratton  is  over  1.4  n 
An  increese  In  temperature  causes  a  aore  rapid  color  developaant.  As  a 
resvlt  of  theaa  apposing  conditions,  a  hydrogen  Ion  concentration  of  I  N 
My  be  used  satisfactorily  if  the  reagents  aro  at  t«ii«>eratures  of  10  -  20® 
C  but  a  concentration  of  1.2  N  should  be  used  at  taqparatures  of  20  -  |0» 
i«  The  voluae  of  the  a^eous  phase  should  b«  aptl  to  or  froatar  than 
the  volume  of  the  organic  phase.  A  saallar  aqueous  phase  results  In  a 
delayed  developaent  of  the  blue  phosphcM»lybda««.  The  conceatratlona 


of  the  reactants  My  be  varl«t  coii»l4er«bly.  AMMmtiM  aotyMete  end 
a»corbfc  •el4  ere  satisfactory  it  $.k  *  cent  and  0.1  -  0.4 

per  cent,  respectively.    |n  these  eMperlaents  the  nolybdate  was  1.0 
pw  cent  and  the  ascerbato  0.a  por  cent  of  the  a^eous  phase. 

The  extraction  of  phosphonolybdlc  acid  by  butyl  aceute  Is 
priaarlly  dependent  on  the  hydrogen  Ion  coiKentratlon  of  the  abacus 
phtM.    It  aay  be  seen  In  Fig.  2  that  the  reduced  phosphoMolybdIc  aeld 
rawtm  tn  the  a^ieous  phase  when  there  are  no  hydrogen  Ions  In  solution 
except  those  from  the  ascorbic  acid  but  that  U  Mm  mtirely  Into  the 
butyl  ocetate  phase  when  the  acidity  Is  InaniMii  by  the  addition  of 
sulfuric  acid.  The  fuantltatlve  relationship  between  the  hydrogen  Ion 
concentration  and  tha  awxiot  of  radiwad  phosphonolybdic  acid  extracted 
Is  sham  In  Fig.  3.  Ifwoa  the  aolyhdate  and  ascorbate  were  present  In 
aneess,  the  anount  of  blue  phosphonolybdate  fomed  was  United  by  the 
mwber  of  molm  •#  PI  prmtent.  When  greater  «aounts  of  PI  ware  added 
•t  a  gt^wi  hydrogen  ton  concentration,  all  of  the  blue  phosphonolybdate 
did  not  novo  out  of  the  a^pieous  phase. 

Ih»re  was  negligible  A»P  or  ATF  hydrolysis  throughout  the  P\  analysts 
•S  deterailned  by  using  ASP  and  ATF  as  Internal  standards  In  the  procedure. 
The  reaction  supernatMit  fraction  wai  tlightly  ««ld  (0.18  M  tn  perehlorte 
•old),  but  It  was  k#t  ootd  untlt  attfHoti  ware  rwoved  for  the  addition 
to  the  butyl  acetate,    it  could  be  kept  for  several  hours  at  O**  C  or 
for  longer  periods  (12  -  9k  hours)  at  *I7**  C.  The  PI  and  organte 
phosphates  were  together  only  1  1/2  nlnutes  In  the  presence  of  the 
higher  acidity  of  the  ascorbate-wolybdate-sulfurlc  acid  aolutlon. 
Nring  this  period  no  hydrolysis  of  AOP  or  ATP  could  be  deteeted. 

tftlts  «od  If  teat  Ion  of  PI  analysis  has  both  advanUges  and  disad* 
vantages,   ft  Is  accurate  to  well  within  the  aargln  of  error  of  the 
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NORmtlTY  OF  H2S0/^   IN  AdUEOUS  PHASE 

^,^!^'         I^'  distribution  of  •  limited  amount  of  reduced  phospho- 
nolybdic  acid  between  the  2  pliases  as  Influenced  by  acidity  The 
aqueous  phase  (total  vol.  3  «1)  contained  1.0  per  cent  aanonium 
molybdate.  0.2  per  cent  ascorbate.  0.09  M«ioles  Pi,  and  H2SO/,  as 
shown.    The  organic  phase  contained  3  «1  butyl  acetate. 
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NORMALITY  OF  HjSO/^  IN  AQUEOUS  PHASE 

Fig.  3-    The  increase  in  the  amount  of  PI  extracted  as  phospho- 
molyWic  acid  with  the  increase  in  hydrogen  ion  concentration.  The 
conditions  were  the  same  as  those  given  in  Fig.  2  except  that  PI  ' 
concantration  was  varied  up  to  0.8  pntoles. 


It 

•bsorbMKy  rMMilngs  on  th«  Sp«etroiile  20}  it  dots  not  eauto  hydrolysis 
of  AOP  or  ATP;  It  •llnlnstes  nuch  of  the  difficulty  found  with  Intor* 
foring  substances  In  other  procedures,  elthough  It  |»  mm;  M  good  es 
MrMhlm  end  chain's  orlglnel  nethod  In  this  respect)  end  It  can  be 
used  successfully  when  a  reducing  agent  such  as  ascorbic  acid  Is  present 
la  relatively  large  anunts  In  the  material  to  be  analyiari.  On  the 
other  hand.  It  Is  aore  coopltcated  than  the  single-phase  Methods  and 
takes  longer  to  runt  It  Is  sensitive  to  envtronaenul  conditions, 
especially  hydrogen  Ion  concentration  and  ta^mraturet  and  It  Is  aore 
a)(pensive  because  of  the  cost  of  butyl  acetau. 

|yQ^.*«faper  chroMStofraphy  m»  used     •  ^lalitatlve  anilysls  for 
the  production  of  ATP.  An  alt^iot  of  the  reset  Ion  superMtant  fraction 
IMS  neutralized  with  0.36  N  potasslua  hydroMlde  and  leapt  In  the  cold 
until  the  Insoluble  potasslua  perehlorate  preclptuted.  Ten  filters 
per  saaple  of  the  resulting  supernatant  fraction  was  spotted  on  a  sheet 
of  Whataan  3  NN  filter  paper  (22  x  28  ca)  with  «  Onammd  disposable 
aleroptpette.  The  spots  were  placed  3  ca  apart  tiians  ana  of  the  long 
edges,  and  a  folded  'W  nade  froa  an  additional  piece  of  paper  was 
atUched  to  the  opposite  edge  to  paralt  a  longer  run  (^)«  The  papers 
were  bent  to  fora  a  cylinder  for  an  ascending  ehroaatograa,  and  this 
cylinder  wes  pieced  In  e  jar  containing  100  ml  solvent.  The  solvent 
was  n^ropanat  ;  I  per  cent  anRmltai  fulfata*  i  t  I.  Five  uUtara 
of  a  solution  containing  AMP,  A»P,  and  ATP  (0.025  i«»les  of  each)  was 
spotted  as  a  sUndard.  The  chronatograms  were  run  at  22^  C  for  It 
hours.  They  were  dried  end  read  with  an  ultraviolet  leap  (Ninerallght) 
at  a  wavelength  of  Z5h  au.   Phosphate  spots  (PI  and  raicleotlde  P)  were 
occasionally  checked  by  developing  a  direaatogran  with  the  phosphate 


mMfMl  ilMertb«l  by  SaUh  (lt9).  m  ind  ATf»  Mere  clearly  tapereted 
Iby  tilts  procedure. 


mororaosniMYtATiM  in  chloropiasts  frqr  healthy  plants 

Befor*  My  studies  could  b«  nsde  with  chloroptasts  fron  dIsMsad 
ptantt*  It  HM  aM«§s«f7  ^         9bout  tbm  characteristics  of  ••noraal" 
oHtoro^tMtt. 

Ttw  Isolation  of  active  chloroplasts  depends  largely  up<m  tiw  care 
liltli  tldlch  they  are  extracted  from  the  leaves.  A  hoMgenlxer  was  used 
\n  the  present  eiiperlnents.  Attc«pts  to  grind  oat  leaves  with  a  anrur* 
pestle,  and  aetd-%Mshed  sand  resulted  In  fragmented  cbloroplasu  which 
liyjjggMjLt*  dtriry  m  phosphorylation,   since  the  lairvas  of  granlneous 
plants  have  low  sap  and  high  f  !i>er  content,  much  aore  force  has  to  ha 
applied  to  thm  in  •  Martar  than  to  iweotlaiit  laaves  sueh  •#  spinach, 
lUlidfc  ft  widely  utad  aa  a  teurea  of  ehterop lasts.    It  was  later  found 
liUiat  oat  preparations  fron  a  mortar  could  be  improved  by  Increasing  the 
coarsanai*     the  sand,  but  aomUUiitly  battar  and  aarajiBlfm 
ahloroplasts  were  obtained  with  the  hoiiiogenlxer.  As  determined  by  micro- 
scopic examination,  preparations  from  the  homogenizer  conUIned  a  high 
farcantaga  of  Intact  diloroplasts  with  relatively  faw  cell  fragments, 
the  word  "InUct"  must  be  used  with  some  reservation  here,  for,  as 
Jagandorf  (29)  has  clearly  pointed  out.  Isolated  aiilor^taata  have 
obviously  lost  a  number  of  soluble  anzymes,  oofaeters,  and  ether  eam- 
pQunds  even  though  they  looic  similar  to  the  ones  In  vivo. 

It  wauld  appear  that  any  method  of  emtractlon  is  suitable  If  It 
panit^  dttmptlon  of  the  cells  with  minimus  damage  to  the  ehloroplasts. 
The  inactlvatlon  of  ehloroplasts  by  frapantation  during  extraction  Is 
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not  4tt»  to  tht  lost  of  strMctunil  Intogrity,  bocMto  «tiloraplMt« 
lAtdi  aro  IsoUtod  whelo  «ntf  tlittn  fnigawntotf  before  aMtns  to  the 
reectlon  atjcture  cen  cerry  on  phosphorylation  as  well  as  or  better 
tiMn  eoqparable  whole  ones  (I0»  S9)*  Tha  enzynes  responsible  for  electron 
transport  and  phosphorylation  are  "btitit  Into"  the  l«nellae,  the  chloro- 
phyll «*conta  I  nlng  structural  units  (5)*  Ai^rently  the  4tMi|e  during 
•xtractlon  Is  at  least  partly  oaused  by  breaks  in  the  Halting  wiliriin 
of  the  chloroplast  that  pemit  Injurious  subsUnces  in  the  hcaK>genate 
to  contact  the  nonwily  protected  Internal  structure.  The  renalnder 
1^  the  daaage  Is  caused  by  toaaai  of  tolubla  eoiponants  ««hld)  are  not 
replaced  In  the  reectlon  medium. 

Silica  iNractlaally  ail  af  tlia  debris  in  the  oat  honogenate  was 
ttm<fi  by  itralntng  through  the  cheesecloth,  a  prellalnery  centrtfu- 
gat  Ion  wss  not  necessary  In  the  OMperiaents  described  In  this  section. 
Tim  iiidtaentatton  tiae  for  chlorop lasts  has  been  standardised  at  seven 
almitat  at  1000  x  g  since  Arnon  (8)  first  Isolated  ecttve  preperatlons. 
With  oats  ten  ainutes  at  1000  x  £  was  retired  to  oblala  a  satlffaetarlly 
^SH^Iate  pellet.  The  extra  three  ainutes  reduced  tiw  tmktt  af  whola 
chloroplasts  reasinlng  In  each  al  of  superneunt  fraction  from  1,000,000 
to300»000. 

Ifktii  ahtaroplasts  are  iMiMtnad  ateroteopfeatty  In  a  suspending 
Solution  that  Is  epproKlaetely  Isotonic  (0.35  -  OM  N  sodlua  chloride 
#r  aueroe^,  the  ones  which  are  not  aeehenlealty  d— imiJ  are  dlse-shi^ 
ilii  iBBath  with  distinct  aarglns.    If  they  are  transferred  to  a  hypo- 
tonic solution  (such  es  the  reaction  aediua  used  In  the  present 
iWpertaents)  or  to  distilled  water,  they  lose  their  smooth,  deaaa 
ippearence  end  become  sifollen  with  indistinct  end  wavy  msrglns.  These 
changes  occur  ^Ickly,  although  further  •walllog  In  whlali  Iha  limiting 
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MMbr«n«  form  a  halo  around  tlia  ronlndar  of  the  chloroplait  takas 
place  ovar  a  longer  period  in  a  hypotonic  Mdliaa*^ 

Since  selerenchyaa  contant  Incraatas  with  taadling  a^,  the  chloro* 
piastt  ware  M»ra  difficult  to  ttolala  «t  Hm  plants  tMcaaa  older;  the 
beet  yield*  and  the  preparations  most  free  froa  contamt nation  were  fron 
^^adlji^W  lyen  to  ten  #y»  old*  itiVit  of  C.|.  7233,  although  they 
contain  less  nater,  were  easier  to  entraet  than  those  of  Florlland} 
there  was  less  foanlng  during  homogenixation  with  Ct.  7233,  and  the 
chloroplast  yields  and  rates  of  phosphorylation  were  usually  higher. 
Factors  influencing  Isolation  of  active  chloroolastf 

Extracting  solution.«'-Successfui  Isolation  of  chloroplasts  has 
been  reported  with  sodiua  chlorf^  ^  tni  with  sucrose  soluttent  00. 
These  aedle  were  compared  in  the  first  two  experiments  of  this  series. 
%imm  ware  tamegaolMd  In  the  0«4  M  sucrose  solution  described  under 
*<llitort«ts  and  Nsthods**  and  In  a  solution  of  0.35  n  sodiua  chloride, 
0.05  N  Tris,  and  0.02  N  ascorbate.  Soth  solutions  were  adjusted  to 
IM      and  phosphorylation  was  measured  •t^^_^it:;^i8dlO|JIM[i^^ 
with  fm  as  cofactor.  The  PI  uqptaice  In  iwotes  per  mg  chlorophyll  per 
hour  was  100  for  the  sodium  chloride  treatment  and  168  for  tlw  aucroto* 
The  sucrose  medium  was  used  In  all  further  ej^rtiwitt  as  the  antraettiii 
and  suspending  solutioiw. 

idtll'  llll£SSift*'*''Tho  omeoM  fmmki^  of  the  Florlland  prepare* 
tlons  in  the  homogenlter  lead  to  the  suspfelon  that  an  inactivation 
of  some  chloroplast  enxymes  might  result  from  increased  oxidation 
of  the  tklii  fltas*  To  see  If  anaerobic  conditions  during  extraetion 
MuM  fnerease  activity  over  aerobic  conditions,  the  homogenizer  cup 
MIS  fitted  with  a  rubber  stopper  and  a  piece  of  felt  so  that  a  steady 
flew  of  nitrogen  could  be  passed  over  the  amtractlon  mixture  before 


and  during  tlw  grinding.  No  4iff»rftncM  (195  ymlm  fl  m 
chlorophyll  per  hour  under  elf  and  192  )mo)m  under  nttrosen)  were  fbuni 
In  phosphorylation  by  chloroplatU  Isolated  under  the  two  treataents. 
Extractions  under  nitrogen  were  dtseontlrated. 

Hydrogen  ion  concent  rat  Ion  ."Htesul  ts  of  eaperlnents  to  be  described 
tlltr  Indicated  ttat  the  optUMi  pM  for  the  phosphorylation  reaction 
with  m  m%  appreMtMitely  l.t.  tubM^tly  the  pN  of  the  taitraettng 
solution  was  also  increased  to  8.2  -  8.3,  but  the  result  was  a  strikinf 
toss  of  activity.  To  check  Ihlft  tffect,  extractions  were  Mde  with . 
solutions  adjusted  over  a  pH  range  of  7*0  -  9.0  at  0.5  Intervtlt. 
There  mm  little  variation  In  activity  of  the  praparations  Isolated 
life  am  M*  7 •5*  and  8.0.  but  at  pH  8.5  the  phosphorylation  rate  dropped 
to  less  than  1/3  of  the  others.  The  experiment  was  repeated  with 
•  narrower  pN  range,  and  the  results  are  shown  In  Table  1.   It  can 
be  snen  that  If  the  mtraettng  tolotten  ft  aijusted  to  a  pN  higher 
than  8.0  -  8.2  before  honogenlzatlon,  the  rate  of  phosphorylation  Is 
ikarply  reduced  even  though  tha  raa«tlan  Itaalf  it  sarritt^  m%  at 
pN  8.2.  The  concentration  of  Tris  buffer  In  tha  etctraetlng  sotutton 
peralts  a  pH  drop  of  0.1  -  0.3  unit  during  honogenixatlon,  depending  . 
•n  the  Initial  pM.  . 

Ascorbate  and  stebtlltv.««Vhen  ascorbate  was  onltted  froa  the 
•Ntrac^ing  talutlen,  the  rates  of  phosphorylation  in  freshly  propared 
dileroptattt  and  In  those  after  periods  of  storage  at  0^  C  were  decreased 
(Table  2) . 

fmaiing  apparently  does  not  hana  tha  phosphorylating  ability  of 
oat  preparations,  ehlofoplasts  stored  with  and  wltheot  ascorbate 
for  2k  hours  at  -17^  C  Mlntalned  most  of  their  Initial  activity. 


1ASU  ) 

RATES  OP  PHOSPNORYLATIdN  IN  CHUmOPlASTS  fXTMem 
AT  VAItYINfi  pH  LEVELS 


f)N  befor* 
extract ion* 

pH  after 
iRtractlon'' 

PI  uptake  In 
iMoles/ag  chlAr 

7^ 

7.7 

iSI 

8.0 

7.8S 

8.2 

8.0 

■  121 

8.4 

8.2 

80 

8.6 

8.3 

*pH  adjusted  In  se|»arate  alli|uots  of  extracting  solution  with  NaOH 
or  MCI. 


Sn  Measured  In  first  stvernatant  fraction. 

Plants  growl  In  greenhouse.   Standard  reaction  aixture  with  mi 
(0.1  HBoleAil)  as  eofactor,  except:   NgClj.  3  taoles/nl;  NeCl,  20 
pioles/al;  AOPCNaj),  3  iMoles/al;  pH  8.2;  total  vol,  2  al.  Reaction 

tiMe,  20  Mln.    llluainatioA*  i*m  f-«.   Ch),  0.03$  «  O.Qi»3  ng/bl, 
corrected  to  0,0k  m§* 
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SIAtaiTY  OF  CNLOROPIASTS  EXTIUkCTED  AND  STORES  IN  SOLUTIONS 
WITH  AND  WITHOtIT  ASCORBATE 


Storage  tfm  tn 
iMurs  at  0"  C* 

Fi  uptafc*  In  MMolasAiS  chl/hr 

Without  •scorbato'* 

With  aseorbata^ 

210 

310 

J 

193 

310 

239 

366 

88 

276 

*Zaro  tlM  reprasants  ^  nlnutat  aftar  romovlng  chloroplatts 
from  eantrifuga.   Tha  other  tlnas  ara  hasad  on  laro  tlaa. 

^tractlng  and  wspandins  solutions  sane  at  those  described 
In  *flatarials  and  Methods"  except  ascorbate  onitted. 


'  ^traeting  and  suspending  solutions  sa«a  as  those  described 
In  *1|iterlals  and  Methods"  (0.02  M  ascorbate). 

flants  groiMi  under  controlled  conditiwis.   Standard  reaction 
nlKture.   Reaction  tiMe»  15  nin.    |llunination»  4200  f«c.  Chi: 
0.038  ngAil  without  ascorbate,  0.032  MgAil  with  ascorbate. 


^•ctori  tnfldncfiHi  photooho$»hofv1«tfow  fn  ehloroolasu 

One  of  th«  biggest  problem  In  Mking  coaiparattve  ttiMiies  of 
bioloftcel  reection  rates  is  that  of  carrying  out  tite  reaction  under 
nonltnltlng  conditions.   The  following  OMperiMnts  »«ere  designed  to 
deteniine  tbe  optlail  rei|ulraMnts  for  photosyntKetic  ptwsphorylation 
til  oat  chloroplastt  wader  the  conditions  in  this  laboratory. 

Reactiwi  tiwe.— Theoretically,  the  length  of  tlw  reaction  period 
•iMttld  be  llMlted  only  by  the  tiae  during  «d«ieh  phosphorylation  aain* 
tatnt  Its  Initial  linear  activity  under  the  iaposed  conditions,  tut 
the  Mthod  of  Measuring  ATP  fonMtion  in  these  enperinents,  which  is 
relatively  insensitive  as  coapared  with  the  use  of  P^^»  refuires  a 
period  long  enough  to  permit  a  large  Pi  iqptake.  As  seen  in  Fig.  k, 
phosphorylation  with  FMN  as  the  cof actor  appeared  linear  for  the  first 
ten  Minutes.  The  rate  in  tawles  per  «g  chlorophyll  per  hour  was  Mi 
five  Minutes  and  268  at  ten  Minutes.  The  slight  breait  In  the  curve 
•t  tliU  tiMa*  shown  alto  in  Fig.  8*  indleatad  that  a  ten««iiaiite  raaetion 
period  would  be  the  best,  tot  with  lower  ^torophyll  concentrations 
(Fig.  k,  curve  b),  poorer  preparations*  or  the  presence  of  somo  other 
liMitlng  condition,  a  longer  period  is  needed  to  obtain  sufficient 
uptatte.  Twenty  Minutes  proved  to  be  satisfactory,  eitcopt  when  high 
chlorophyll  concentrations  were  used  or  when  the  preparations  were 
unusually  active.    In  these  Instances,  ABP  becaMa  limiting  (Figure  k, 
curve  a)  and  the  reaction  stopped.   Preparations  did  not  Maintain 
appreciable  activity  after  30  -  Minutes. 

Hydrogen  Ion  concent  rat I on . "HPhetosvnthet  t  c  phosphorylation 
In  oat  chlorop lasts  does  not  appear  to  have  a  sharp  pN  optlauM.  When 
FMI  was  used  as  the  cofactor,  MixiMal  activity  occurred  around  pH  7.5 
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Fig.  4.    Time  course  for  photophosphory lation. 

Plants  grown  in  greenhouse.    Standard  reaction  mixture  with  FMN 
(O.I  pinole/ml)  as  cofactor,  except:    MgCl2.  3  ymo\os/m\;  NaCi,  I  pmole/ 
ml;  and  A0P(Na3),  3.6  nmoles/ml;  pH  8.3;  total  vol,  2  ml.  Illumination. 
4000  f-c.    Chi:    curve  a,  0.048  mg/ml;  curve  b^,  0.041  mg/rol . 


The  horizontal  broken  line  shows  the  point  at  which  ADP  Is  limiting. 


although  no  strons  Inhibition  was  «vld«nt  from  7*0  •  8.0  (Pff.  5)* 
Since  Tris-hydrochlorie  acid  doas  not  buffar  offactlvaly  haloM  pH  7*0 
or  abova        aetlvltias  at  lowar  or  highar  pN  lavaU  ara  difficult  to 
■aasura  without  changing  the  reaction  nadiuM.  When  FNN  was  the  cofactor, 
tawavar,  the  pN  optlaun  shifted  upward  to  around  pH  8.2. 

ChlefOPhvH  concentration.— The  w»st  sulti^le  criterion  on  whieh 
to  base  the  rate  of  photophosphorylatlon  Is  the  chlorophyll  eoncen* 
mmtlon  In  the  reaction  Madlun.  The  aaount  of  chloroplasts  to  iwa  ia 
•  reaction  should  fall  within  a  range  In  which  the  ectlvity  Inereatat 
linearly  with  the  concentration  of  the  chlorophyll  In  the  Mdlun.  This 
range,  for  all  practical  purposes,  runs  froai  the  nintaum  aaount  of 
chloroplasts  which  peraits  sufficient  phosphorylation  for  accurate 
aeasureiMnt  to  the  a«ount  which  liisits  phosphorylation  by  not  allowing 
light  saturation  under  the  illumination  used.  Therefore,  the  effective 
range,         the  length  of  reaction  time.  Is  dependent  upon  the  experl- 
aantal  conditions.  Fig.  6  shows  the  Incraasa  In  fl  uptake  with  Increasing 
tililorophyll  concentration  in  two  eaperlaents  which  differed  only  In  the 
amount  of  ASI^  In  the  reaction  medium  and  the  length  of  the  reaction. 
The  effective  werliing  range  is  from  about  0.0Z5  to  O.Ol»S  mg  chlorophyll 
per  ml  of  reaction  mixture.  At  concentrations  over  0.1  mg  chlorophyll, 
¥Amn  m&  Is  used  as  cof actor,  the  amounts  of       and  Pi  have  to  be  I n- 
craasad  In  the  medium  and  analytical  troubles  develop.  The  effect  of 
limiting  A6F  is  seen  clearly  in  curve  £  of  Fig.  6.   Data  from  eiiperi- 
«ants  such  as  these  illustrated  in  Fig.  6  do  not  tall  if  the  light  is 
Mtnrattng,  for  tltumlnatlon  eould  be  limiting  ever  the  entire  ranga. 
•ttt  if  the  reactions  in  the  linear  range  are  measured  at  different 
Illuminations,  the  slope  at  the  lower  illumination  should  be  less  if 
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Plants  grown  in  greenhouse.    Standard  reaction  mixture,  except: 
MgC!2,  3  Mmoles/ml;  NaCi,  20  nrao1es/ml;  total  vol,  2  ml;  reaction  time, 
15  min.     Illumination,  ^000  f-c.    Chi,  0.028  mg/ml . 
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CHL  (HG/HL  REAC  HIX) 
Fig.  6.    Phosphorylation  at  varying  chloroplast  concentrations. 
Plants  grown  in  greenhouse. 

Curve  a:    Standard  reaction  mixture,  except:    HgCl2>  3  nmoles/m1; 
total  vol,  2  ml.    ADP,  ^.S  |iinoles/ml  .    Reaction  time,  10  min.  Illumina- 
tion, 4000  f-c. 

Curve  b:    Same  as  for  a  except  reaction  time  15  min  and  ADP, 
5.4  pmoles/ml . 
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th*  lifht  Is  not  Mturatlng.   To  test  this,  •  ms-MdIated  phosphory* 
l«tlon  wts  conducted  at  two  lllumiMtions  (FI9.  7).  The  slopes  at 
2800  and  4200  foot-candles  were  calculated  te  ke  IIS  and  109  imol—  fi 
per  «g  chlorophyll  respectively,  tndfeattng  •  tight  saturation  at  2800 
foot-candles.  The  slopes  of  the  corresponding  linear  portions  of 
curves  £  and     in  PI9.  $  mrm  d9  id  80  »«oles  per  mg  respectively, 
mil*  tower  values  were  not  due  to  lllualnatlon  ger  se,  since  they  were 
obUIned  at  i»000  foot-candles,   lut  the  reactions  represented  In  fig.  4 
were  CM-rled  out  with  2  nl  of  reaction  Mixture,  whereas  those  In  rig.  7 
were  carried  out  with  1  «l.  The  shorter  light  path  puikes  it  possible 
to  obtain  saturation  at  a  lower  lllualnatioa.  After  tliit  series  of 
M^rlMsnts,  phosphorylation  wti  •tMiiys  Measured  In  vessels  containing 
ca.  0,0I>  Mg  chlorophyll  in  a  total  volwae  of  I  mI  and  ei^sed  to  an 
illuMinatlon  of  2800  foot-candles* 

£2fec|2rs.-Vhen  ehtoroplasts  are  Isolated  In  an  a^eous  MadiuM, 
one  component  which  they  lose  is  their  natural  cof actor  (or  cofactors) 
for  photophosphorylation.  Although  the  natural  cofactor  is  still 
tint4entif led,  a  large  nuMber  of  coMpounds  May  be  added  to  a  chloroplast 
preparation  ia  v^rg  to  stiMulate  phosphorylation. 

The  rates  of  phosphorylation  with  the  addition  of  PMl,  vltailn 
Kg,  and  PNS  to  the  reaction  MsdiuM  are  shown  in  Table  3.  OptlMal 
rates  were  reached  at  concentratloA*  of  O.QS  ,«oles  per  m1  and,  eiccept 
for  Fm.  these  optiMS  WMr«  Mitntalned  through  a  fourfold  increase  in 
concentration.   NaxiMal  rates  with  riM  are  nonMlty  about  e^l  to 
those  with  vltOMln  K5,  and  the  lew  values  In  the  table  were  the  result 
of  Isolating  the  chloroplasts  tt  too  high  a  pH.  When  Flit  end  vitaMin 
were  added  together,  the  stiMulation  was  no  greater  than  when  they 


31 


J  3.0 

o 

iS 

ec 


00 


=  2.0 

LU 


1.0  - 


,025 


.030        .035  .040 
CHL  (MG/ML  REAC  MIX) 


,045 


Fig.  7-    Linear  portion  of  chloroplast  concentration  curve  at  2 
illuminations. 

Plants  grown  under  controlled  conditions.    Standard  reaction 
mixture,  except:    MgCl2,  3  M'ooles/ml  .    Total  vol,  I  ml.    Reaction  time 
15  min.  ,  .    .    , 

Curve  a:     Illumination,  4200  f-c.  ,    ,  , 

Curve  b:     Illumination.  2800  f-c.  . 


32 


CWCENTKATIOM  OF  COFACTORS  FOR  PHOSPHORYLATION 


Pi  upUloi  In  iMoUsAig  chlAr 


Cofactor  cone 
In  iMoUsAil 

FItl* 

VU  Rj 

Vlt  lU 
♦ 

0.1  |«iol« 
FMN 

Pitt 

o.oos 

80 

27 

m 

0.01 

88 

5$ 

m 

100 

o.os 

no 

173 

tss 

302 

0.1 

100 

170 

158 

302 

0.2 

83 

167 

167 

313 

*RMdin9s  law«r  than  usual  ttecausa  of  hl^h  pH  in 
solution. 


Plants  orown  in  grawihousa.   SUndard  reaction  aixtura,  axcapt: 
Ngeta*  3  lAolesAil}  A0P(Na3),  3  molmtMl  witlt  FMN  and  vitaain  K5 
and  6  iMolesAil  with  PMS;  pM  8.2;  total  vol.  2  ml.   Reaction  tine. 
20Mln.    Illuninatlen,  4000  f*c.   Cbl,  O.OJk  -  0.0M»ai9Ail,  corrected 
to  0.04  ng. 
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wer«  addad  individually.  IUt«s  with  MS  w«r«  alnost  doubl*  thoM  Mith 
the  other  two  eofaetors*  In  another  ejcperiment,  the  preparations  were 
found  to  be  unable  to  carry  on  a  aaaaurable  reaetion  idien  no  cefactor 

Aerobic  ai^  anaerobic  conditions »— it  was  observed  that  phosphory 
Utlm  Willi  rm  yraeaedad  about  •»  wall  under  air  as  under  nitrogen  If 
IMie  reaettcm  tfan  was  not  too  long,  «^reat  phosphorylation  with  nO 
proc«MMled  satisfactorily  only  under  nitrogen.  The  results  of  two 
•Mperlwents  designed  to  Illustrate  these  differences  are  shewn  In 
Figs.  8  and  9.  When  FMN  was  used,  aerobic  and  anaerobic  activity 
ran  approxiMtely  parallel  for  20  «  30  Minutes,  after  which  the 
Merobic  activity  Inereased.  Vfhen  PNS  was  used,  aerobic  activity 
♦topped  iiulckly  at  a  low  level  and  anaerobic  activity  continued  to 
Increase*  The  two  e^perlaants  are  not  strletly  coaparable  since  U» 
roaetton  with  FNS  was  oarrtad  out  In  larger  flasks  containing  a  greater 
WluM  of  reaetiwt  aedluni,  thus  making  a  longer  light  path.  Also* 
jlidifBtiiosIs  was  interrupted  when  senples  were  rennved. 

Cven  when  flasks  are  flushed  carefully  or  run  continuously  with 
nitrogen,  traces  of  ootygen  reoaln  so  that  a  strictly  anaerobic  con* 
ditlon  does  not  exist  unless  special  precautions,  such  as  tricing 
oxys^  with  catalase  and  ethanol,  are  used  (2f»,  31).   Since  consis- 
tently hl^  readings  have  been  crtttalnad  In  the  present  aMperlaents 
with  the  usual  flushing  procedures,  no  attOMpts  were  Made  to  e1l«tnate 
all  traces  of  oxygen. 

Ascorbate.»Hrfhen  cblorop lasts  were  incubated  In  the  presence  and 
absence  of  ascorbate.  Its  addition  unexpectedly  stiaulated  anaerobic 
phQiH)horylation  but  Inhibited  aerobic  ^^horylatlon  (Table  4).  The 
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Fig.  8.    FHN-med iated  phosphorylation  under  aerobic  and  anaerobic 
conditions. 

Same  conditions  as  described  in  Fig.  ^.    Chi,  0.020  mg/ml . 
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Plants  grown  under  controlled  conditions.    Standard  reaction 
mixture.    Reactions  run  in  50  ml  flasl<s,  6  ml  per  flask.    O.U  ml 
aliquots  removed  at  intervals  and  added  to  an  equal  amount  of  0.36  N 
HCIO^  in  test  tubes.    Nitrogen  run  continuously  in  anaerobic  flask 

except  when  taking  samples.     Illumination,  3000  f-c.    Temp,  20°  C. 
Chi ,  0.037  mg/ml . 


ntCSENCE  OF  RI^UCTANTS  IN  TNB  REACTION  MEDIUH 


TrMtaont 


f\  uptake  in  ynoles/ng  chl/hr 


Air 

N2 

llJi 

St 

M 

H 

m 

.  T' ' 
ft ' 

105 

u 

318 

(♦19) 

n 

-» 

Ascorbat* 
0  ^MoletAil 
h  iMolttc/ni 

•lutathlon* 
0  i«nt«f  All 
k  yno\n/ml 
8  (Moles/«l 

Sueclnata,  S  mmoImAiI 
Na2S03,  5  |Moles/bl 

(NNif)2S04,  5  »M0)«s/i} 

Control  (N2O) 


A  ecnfelnatlon  of  3  •xperlment*.    Plants  grown  under  controlled 
conditions.    In  each  case  the  chloroplasts  were  isolated  in  eMtracttna 
solutions  without  ascorbate. 

Ascorbate  and  glutathione  experiMents:  Standard  reaction  iiixture» 
«Nuapt;    no  ascorbate;  HgClj,  3  |«K>les/isl .   Reaction  tine,  20  nin. 

Illumination,  2800  f-c.   Chi,  0.038  ng/bl  for  ascorbate  and  0.037 
agAil  for  glutathione. 

Succinate.  Na2S03,  imii)2i%  expertnent:   Standard  reaction 

Mixture  without  ascorbate.   Reaction  time,  20  mi n.  Illumination. 
2800  f-c.    Chi,  O.OM)  mg/ml. 
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enl«r  of  trMlMents  giving  decreasing  activity  was  as  folloMti 
nitrogen  with  ascortiate,  air  without  ascorbate,  nitrogen  without 
«KMrlMt««  ani  air  with  ascoriMte.  The  mm  eff^et  mat  found  when 
••eorbate  was  replaced  with  gtutathlone.   Succinate  had  no  effect. 
Sodium  sulfite  and  anaoniin  sulfate  ellalnated  all  phosphorylation  and 
even  caused  a  slight  Increase  In  1*1  • 

Lt^f  extract «»«Pur I nq  tiie  process  of  conparlng  chloroplast  prepara- 
tions fro«  infected  plants*  portions  of  tdiole  leaf  extreets  were  added 
to  the  routinely  isolated  chloroptatts.  The  result  was  a  consistent 
Increase  in  phosphorylating  activity  over  that  of  the  sane  chloroplasts 
without  the  fpitractf .   It  beoMt  Itanadlttely  ^nMM'Mt  that  ccnponents 
necessary  for  efeetron  transport  or  phosphorylation  were  leaching  out 
of  the  chloroplasts  during  isolation.  This  partly  explained  why  soae 
preparations  had  been  unaccountably  More  active  than  others  and  why 
preparations  frosi  older  plants  were,  In  ^neral,  less  active  than  those 
fron  the  younger  plants  which  were  easier  to  extract.   Since  the 
iii«i«ett  eonulned  a  large  nuii«r  ef  chloroplatt  frtpaantt,  there  was 
ll^recliri>le  photophosphorylatlon  by  tite  extracts  aione;  however,  the 
«o«blaation  of  the  entracts  And  the  chloroplasts  always  gave  a  greater 
•etivlty  than  the  sum  of  thefr  separate  aettvities.  To  learn  aore 
•bout  this  stinulatory  effect,  other  extracts  and  also  the  Much  More 
#mt4>  supernatant  fractlim  froM  the  first  1000  x  SL  sediMsntation  of 
1^  Isolated  chloroplasts  were  tested  (Table  5).    Since  the  st^rnatant 
fraction,  with  no  phosphorylating  capacity  of  its  own,  was  as  effective 
•s  the  extract  In  stioulatlng  the  activity  of  the  dtloroplasts  (previous 
ea^erlMents,  not  shown  in  the  table),  the  supernatant  fraction  appeared 
to  be  e  More  satisfactory  Material  to  work  with,  ioth  extract  and 
supernatant  fraction  were  fclpt  ftt  0^  e  prior  to  the  reeetfen.  Vhen 


TABLE  5 


ADDITION  OF  LEAF  EXTRACT  AND  CHLOROFIAST  SUFERIMTI^Nr  FRACTION  TO 
REACTION  MEDIA  CONTAINING  ISOLATED  CHLOROPLASTS 


PI  UpUlUI 


TrMtMMlt 


(Molas/ial  raac  mln 

IMolat/ag  chl/hr 

€lilorofil«ftt  aloM 

1.94 

Extract  aloMi* 

1.76 

Extract  a Ion*  (dark) 

(♦0.57) 

Chip  *  haatad  axtraet" 

■  2.86 

212 

Suparnatant  fraction  alona^ 

(♦0.31) 

Chip  supnt 

4.13 

107 

Chip  4-  haatad  supnt 

2.95 

^Extract  praparad  as  folloMs:    2  g  laavas,  2  nl  0.05  N  Tris 
(pH  7'5)>  and  sand  ground  togathar  in  ica'cold  Mortar.  Hoaoganata 
squaazad  through  chaasacloth  and  cantrifugad  at  1000  x  £  for  IS  aiA* 
Suparnatant  fraction  savad  In  cold  and  adjustad  to  pH  7.5> 

•^Tan  iiin  in  100®  C  watar  bath. 

Suparnatant  fraction:   rafan  to  tha  suparnatant  Frietlon 
ranaintng  aftar  tha  first  1000  x  g  sadinantation  of  tha  chloroplasts 
during  tha  noraal  isolation  procadura  with  k  g  laavas  and  20  mI 
axtraeting  solution.    Kapt  in  cold.    pH  7*4. 

Plants  grown  undar  control  lad  conditions.    Standard  reaction 
alxtura.    0.1  al  of  axtract  or  suparnatant  fraction  addad  par  vassal. 
Raaetlon  tisia,  20  aiin.    Illumination,  2800  f-c.    Chi,  0.040  sig/al. 


they  were  heated  to  100^  C  for  ten  ■! mites,  they  still  oMintelned  about 
half  of  their  stimlatory  power.   This  indicated  that  an  imstable  and 
•  stable  factor  iMire  being  added  to  tlie  chloroplasts.   The  effect  of 
both  the  cold  and  the  heated  supernatant  fraction  was  not  eo«p lately 
t«tt  hi  a  tMentyfold  dilution  (Table  6).   There  %#as  essentially  no 
reduction  in  activity  up  to  a  1:5  dilution  of  the  cold  supernatant 
fraction  and  a  li2  dilution  of  the  heated  supernatant  fraction.  The 
aaount  of  undiluted  supernatant  fraction  added  to  each  reaction  Mixture 
did  not  contain  enough  Pi  or  chlorophyll  to  affect  the  regular  Measure* 
Ments. 

Other  observatlons.''-The  reliability  of  the  exper iMents  reported 
In  this  paper  is  dependent  to  a  great  extent  upon  the  absence  of  any 
^teetable  adenosine  triphosphatase  In  the  chloroplast  preparations. 
No  breakdoMn  of  ATP  was  observed  vihen  chloroplasts  froM  either  variety 
of  oats  were  incubated  in  the  standard  phosphorylation  reaction  MadiuM 
containing  ATf  Instead  of  ADP.   The  results  were  the  saHa  whether  the 
reaction  was  carried  out  In  the  light  or  In  the  dark  and  were  eonfinaad 
by  both  PI  analysis  and  paper  chroMatography.  A  slight  nonspecific 
phosphatase  was  detected  (22  |«aoles  Pi  released  per  Mg  chlorophyll  per 
hour)  when  ec-naphthyl  phosphate  was  used  as  a  substrate. 

To  detenalne  If  the  enzyae  adenylic  kinase  was  present,  once-washed 
oat  chloroplasts  routinely  used  in  the  present  experlMents  were  incubated 
with  ANP  and  ATP  at  concentrations  of  6  and  2  M^oies  per  m1.  respectively. 
The  PI  uptake  was  only  17  ijaolas  per  Mg  chlorophyll  per  hour.  This 
coMpered  with  a  Pi  uptake  of  336  mmoIos  per  Mg  chlorophyll  per  hour  by 
the  saMS  preparation  Incubated  with  the  usuel  aMount  of  AOF.  This 
slight  adenylic  kinase  activity  could  also  be  denonstrated  In  chronato- 
graMS  froM  certain  experlMents  In  which  the  ANP  spot  (a  coataMlnatlon 


DILUTION  OF  SUPERNATANT  FRACTION  ADDED  TO  REACTION  MEDIA  CONTAINING 

ISOLATED  CHLOROPLASTS 


Dilution* 

,  Ferc«nt«g«  stln 

uUtlon  of  Pi  uptako'' 

Cold  supern«t«nt 
fraction^ 

HMtod  sup«rnatant 

fraction*^ 

1l»3 

72 

1:2 

139 

86  .-J- 

1:3 

li»3 

38 

1:5 

139 

i»3  . 

1:10 

67 

20 

1:20 

,  ■ -  v:;^  63 

20 

"Dilutions  RWda  with  0.05  N  Trit  (pH  7-5)  •nd  writtan  as  I  vol 
of  suparnatant  fraction  Mda  up  to  the  das i rod  vol  of  solution. 


^or  the  chlorop lasts  alone.  Pi  uptake  Mas  105  iMoles/ag  ehl/hr; 
for  chloroplasts     undiluted  supernatant  fraction,  it  was  256  tJMolesAig 

chl/hr. 

Prepared  as  described  In  Tibia  5. 

Plants  grown  under  controlled  conditions.    Standard  reaction 
mixture.    0.1  ml  of  designated  supernatant  fraction  added  per  vessel. 
Reaction  tl«e,  15  ailn.    Illumination,  2800  f-c.   Chi,  0.035  mg Ail. 


tn  the  eoMMTcUl  W)  Mat  tllghtly  larger  after  light  or  dark  Incubation 
than  at  tero  tine. 

The  control  veaaeU  iaaihated  In  the  dark  or  conUlning  heated 
diloropfattt  (ten  Minutes  In  •  water  bath  at  100^  e)  never  demonstrated 
phosphorylation.  There  was  usually  a  sli^t  Increase  tn  PI  In  the 
^•rli  coAtrolt}  but  since  the  differences  In  readings  on  the  speetro* 
pfeoteneter  were  often  within  the  variations  of  the  zero  tine  readings, 
no  correction  was  nade.  Hill  and  Walker  (24»)  observed  such  an  Increase 
wHll  iplnach  end  Swiss  chard  ehloroptasts  end  corrected  for  It  In  mm 
of  their  experiiaents. 
fliscusslon  '/^^ 

Observed  rates  of  photophoM«onfV«tton  In  Isolated  ehloroptasts 
i»«e  steadily  Increased  with  Iiaproved  techniques.  The  rates  Initially 
reported  by  Arnen  e|  aj^.  (0)  were  less  than  5  Mnoles  ATP  forwed  per 
m  chlorophyll  per  hour.   Six  years  later  Avron  (10)  obtained  rates  of 
2500  Mnoles  ATP  foraed  per  ng  chlorophyll  per  hour.   To  attain  high 
rates  It  Is  necessary  to  use  the  lowest  chlorophyll  concentrations,  the 
shortest  reaction  times,  and  the  highest  lllunlnatlons  possible.  Avron, 
for  example,  used  reaction  Mixtures  containing  0.003  ng  of  chlorophyll 
per  Ml  Incubated  for  two  Minutes  et  1<»,300  foot-candles.   Such  reaction 
conditions  are  not  suitable  for  most  chloroplast  studies,  and  the  range 
of  activity  found  in  the  present  work  with  oats  (up  to  '^OO  («nles  ATP 
fonwd  per  Mg  chlorophyll  per  hour)  Is  considered  <|ulte  respectable. 
In  feet,  Allen  et  jU .  (1)  calculated  that  a  phosphorylation  rate  of 
500-600  nMOles  per  Mg  chlorophyll  per  hour  Is  sufficient  to  account  for 
the  maxIntM  cerbon  dioxide  assimilation  rats  by  Intact  leaves. 

The  ability  of  FMN,  vitamin  Kj^,  end  PUS  to  act  as  redo«  catalysts 


during  photophosphorytatlon  app4Mrs  to  be  th«  smw  wfth  oats  at  It  It 
with  other  preparations.   The  differences  observed  between  FNN-  and 
PMS-flwdiated  reactions  in  oat  e^lorop1asts»  e.f*  hij^r  rates  with 
PNS,  different  pH  optiaa,  and  more  inhibition  with  PMS  under  alr« 
Minport  the  generally  aee^ted  b^thesis  that  FMN  catalyzes  a  different 
electron  transport  pathway  than  does  ms  (II,  28,  31)* 

*  There  is  now  convincing  evidence  that  when  PMS  is  used  in  a  reaction 
MadiuR  for  photophosphorylation  the  active  redox  agent  Is  an  oxidation 
product,  pyocyanine  (2I»,  31).    PMS  Is  converted  into  pyocyanine  aerobically 
in  white  light.  With  the  nonoal  nitrogen  flushing  of  flaslts  to  obtain 
anaerobic  conditions,  enough  traces  of  oxygen  renain  to  convert  over 
50  per  cent  of  the  PMS  in  a  reaction  mixture  to  pyocyanine.    PMS  atone 
(iidien  its  OHidatlon  to  pyeeyanine  is  prevented)  aay  serve  as  en  effective 
eefieter  for  ^spheryfatlon  In  splnadi  ehleroplests,  but  pyocyanine 
elone  is  more  ective  at  low  concentretions  (3I)«  "  ^' 

, ,  The  response  of  chloroplest  preperations  to  aerobic  end  enaerobie 
conditions  upon  the  addition  of  different  cof actors  has  a  confusing 
history.    Contradictory  results  have  been  obtained  in  different  labora- 
tories and  with  different  pn^ratlons.   One  Misconception  has  been 
cleared  up  recently,  however.    PMS  and  pyocyanine  are  the  only  Itnown 
cofactors  which  can  Mediate  a  phospheryletlon  under  strict  anaerobiosts. 
Ttie  other  conpounds,  including  Pitt  and  vitamin  K3,  recpjire  MicroaMOunts 
of  oxygen  (31,  53).   The  interpretation  of  this  is  that  the  reduced  fonas 
of  PMS  and  pyocyanine  ere  reoxidized  by  the  priMary  photooxidant  (a  true 
eyelfc  process)  whereas  the  re<kiced  form  of  the  other  cofactors  are 
reoxidized  by  mygen. 

Although  the  photophosphory let ions  in  the  present  experlMents  were 


not  c«rri«d  out  undar  strict  •MMrolilMU,  distinct  diff«refic«s  occurrMl 
whtdi  wore  dopendont  upon  tho  cof actor  and  tlio  addition  of  ascorbato. 
Tlie  parallel  aetivitias  for  30  nlnutas  under  air  and  nitrogen  when  FNN 
was  used  as  the  eofactor  (Fig.  8)  sImw  that  the  reaction  is  initially 
independent  of  the  ges  phase.   The  later  inhibition  under  air  aay  be 
due  to  an  accuaulatlon  of  oxidized  products  that  is  prevented  under 
nitrogen.    In  the  absence  of  ascoriMte,  the  rates  of  PMS'«wdiated  phos- 
phorylation are  hinder  under  air  than  under  nitrogen.    In  the  presence 
of  ascorbate,  the  rates  are  stiaulated  under  nitregan  and  inhibited  under 
atr  (Table  4,  Fig.  9). 

The  response  with  FIti  appears  sinilar  to  that  with  other  chloroplast 
preparations;  however,  the  results  with  PMS  are  the  opposite  of  s«m 
reports  with  a  slatlar  systen.  Avron  (10),  for  ewiwple,  found  that. 
In  the  absence  of  aseorbate,  PNS-«edIated  phosphorylation  in  Swiss 
chard  chloroplasts  was  iiAlblted  under  air  but  not  unter  nitrogen;  the 
addition  of  aseorbate  stlaulated  the  activity  under  air  so  that  the 
rates  becaae  e<|ual  under  both  phases*   He  concluded  that  aseorbate 
was  AH  to  sid>stlt«te  for  nitrogen.  Nit  praparatfon  also  diffararf 
from  those  of  oats  since  he  found  glutathione  would  not  substitute 
for  aseorbate.   However,  Jagendorf  and  Avron  (30),  using  a  slwilar 
systooi  with  spinach  chloroplasts,  found  no  air-nitrogen  effect  and  no 
aseorbate  effect.  Wessets  (57)  and  Arnon  (5)  both  reported  FHN- 
wedleted  phosphorylation  In  spinach  chloroplasts  to  be  about  the  saaa 
under  air  as  under  nitrogen,  but  they  found  different  aseorbate  effects. 
A  possible  explanation  for  soon  of  these  discrepancies  Is  that  aseorbate 
•ay  be  oxidized  nonenzyaatlcally  and  would  not  be  available  to  act  on 
the  chloroplest  system.    Since  none  of  tim  ebove  observations  was  made 


undl«r  eondttlonf  of  strtet  •nMrobtottt,  the  Mlmit*  raqntrMMnt  of  FNN 
for  OKygen  would  not  have  been  influenced  by  the  ges  phese  used. 

The  petternless  results  obtained  with  ascorbate  have  a^e  It 
Inposstble  to  assign  It  a  definite  role  in  photophosphorytation. 
It  My  act  in  the  following  ways:    (a)  as  an  electron  donor  for  e 
system  In  which  ascorbate  oxidation  is  coupled  with  a  phosphorylation 
(37):  (h)  as  a  reducing  agent  for  compounds  such  as  FNN  to  prevent 
their  reoMidatioiif  or  •»  •  eedtictng  agent  for  dissolved  oxygen  to 
prevent  Us  eosiblnatton  with  MMlMrs  of  the  electron  transport 

^iystea  (S't);  (e)  as  a  stabilizer  which  protects  the  system  egalnst 

type  of  inactivation  or  geiiMWt  oxidation  (5»  10);  {4)  M  • 
poising  agent  In  which  catalytic  amounts  of  ascorbate  serve  to  maintain 
the  proper  balance  between  oxidation  and  reduction  in  the  electron 
transport  system  (II,  25).   This  last  possibility  has  been  demonstrated 

vttearly  with  photofrfiosphorylation  in  bacteriel  chromatophores  but  no 
evidence  exists  for  it  with  ehloroplasts.   Possibility  (c)  can  be  used 
In  defense  of  most  of  the  resuYts  obtained  with  tteerbete  since  it  Is 
entirely  nonspecific  in  its  application.    It  is  used  to  explain  the 
liMf effect  of  edding  ascorbate  to  the  extrtetini  solution. 
Possibility  (b)  offers  a  reasonable  explanation  for  results  In  whieli 
the  addition  of  ascorbate  causes  an  increased  phosphorylation  under 
air  but  not  under  nitrogen  (such  as  the  results  of  Avron  described  above) 
Possibility  (a)  is  the  most  satisfactory  explanation  for  the  results 
obtained  In  the  present  experiments  because  of  the  reverse  effects  under 
•if  end  nitrogen.   This  explanation  Is  logical  If  we  essume  that  when 
ascorbate  is  added  to  the  reaction  medium  it  becomes  the  effective 
electron  donor  in  the  chlor^last  system*  ndiereas  In  its  nbteiiee  water 


Is  the  effective  electron  donor.   Then,  with  escorbete  acting  as  the 
donor,  the  reection  proceeds  rapidly  under  nitrogen  because  the  electrons 
flowing  to  the  photooxldant  are  coupled  to  a  plK>sphorylatlon.  If, 
hoMever,  the  preparation  Is  incubated  under  air,  the  reaction 

Ascorbate  *  \/2  0^  >  dehydroascorbate  H2O 

conpetes  successfully  for  the  electrons  fron  ascorbate  and  the  coupled 
phosphorylation  Is  stalled.    (The  finding  that  the  direct  ascorbate 
OKtdatton  requires  at  taast  2  per  cent  oxygen  (37)  supports  this.) 
When  ascorbate  Is  not  present  and  vMter  Is  acting  as  the  donor,  the 
presence  of  air  does  not  Initiate  a  eoMpetIng  reaction,  and  the  phos* 
phorylatlon  is  coupled  to  a  different  or  partly  different  electron  trans- 
port systesi.   This  hypothesis  depends  on  the  ei^ectation  that  iriMA 
ehloroplasts  are  ripped  out  of  their  celts,  dropped  into  a  vessel 
containing  a  Mixture  of  foreign  chemicals,  and  shaicen  around  for  a 
few  almitas,  they  nay  use  their  photolytlc  capaeity  t»  oxidize  the 
■ost  convenient  Material  present  at  the  tiMe.   More  exper {Mentation 
Is  obviously  necessary  to  give  this  idea  a  respectable  basis.  The 
use  of  CMJ,  for  exaMple,  would  help  clarify  the  pletttre  since  It  does 
not  inhibit  ascorbate  oxidation  even  though  It  strongly  Inhibits  a 
concoaltant  phosphorylation  (31).    Evidence  for  the  role  of  ascorbate 
as  an  effective  electron  donor  in  place  of  water  comos  froM  eiqwirtMonts 
by  Vernon  and  Zaugg  (55),  who  found  that  aged  ehloroplasts  lose  their 
ability  for  photoreductien  and  oxygen  evolution  but  that  this  capacity 
May  be  restored  by  the  addition  of  ascorbate  plus  an  Indophenol  dye  to 
act  as  an  interMediate  electron  carrier.   Also  Arnon  (6),  by  poisoning 
the  oxygen  evolution  step  with  CNU  and  thereby  preventing  the  photolysis 
•f  MMter,  found  photoreduction  and  phosphorylation  to  occur  only  when 
ascorbate  was  oxidized. 


Th«  abolition  of  photophosphoryiation  Mhon  tmtonim  tulf«t« 
•ddad  to  tiM  reaction  nixturo  (Table  k)  «ms  to  be  ex|wcted  since  tlie 
aiMKHiiiM  ion  iMii  been  sboum  to  be  an  effective  wwoupier  of  ptweptwry* 
lation  friM  ttte  electron  transport  to  ferrteyanfde  tn  sptnaeli  ctilore* 
plasts  (32).   The  effects  of  tiie  added  reductants  (Table  4)  apparently 
#rf  not  correlated  with  their  redoM  potentials.  Aseorbate  and  glutathione 
have  Eo  values  of  -f.OSS  and  -.3^  volts,  respectively.   The  Eo  of 
succinate  is  4.031  volts,  whereas  the  aanonlun  i<Mi  is  4>.562  and  the 
Mlf  ite  ion,  -.^t*  volts.   Of  course,  a  redoM  correlation,  if  one  should 
exist,  could  not  be  indicated  until  a  large  number  of  conpounds  had  bMn 
tested. 

The  sttmtatton  of  photo|rfiotphery1atlen  In  tselated  eat  chlore* 
plasts  by  the  addition  of  heat-labile  and  heat-sUble  ca«pounds  which 
•re  lost  ckiring  the  leaf  extraction  process  (Tables  5  and  6)  Is  not  sur- 
prising.  Sail  1  lie  {k&)  estlRMited  that  over  50  per  cent  of  the  soluble 
proteins  are  lost  frcM  chloroplasts  during  Isolation  In  aqueous  aedla. 
Vernon  and  Hobbs  (5^)  reported  that  the  photoreductton  of  FIW  and  other 
conpounds  by  <Aloroplasts  from  beet  leaves  was  dependent  on  a  heat-labile 
coMponent  fro*  the  supernatant* 

tlMO  the  ehloroplast  preparations  fron  healthy  oat  seedlings  were 
found  to  be  satisfactory  for  studying  reactions  in  the  priaary  cycle  of 
photosynthesis,  preparations  fron  diseased  plants  could  be  studied 
next.    In  the  following  section  cooparattve  RNtasuresients  of  photophos- 
phorylatimi  are  described  with  chloroplasts  fron  both  healthy  and 
infected  leaves. 


PHOTOSYMTHESIS  AMD  IMFECTIOM 

To  obtain  conslttontly  heavy  infactlens  In  ajq>ar{nMital  plants, 
ft  WIS  found  naeessary  to  inoculata  tha  saadltngs  In  a  fO  k  15  Inch 
flat  with  40  -  60  Mg  of  uradlosporof .    Evan  under  these  conditions  a 
iNHkar  of  leaves  had  to  be  discarded  so  that  the  Mterial  leapt  for 
hoMogenization  would  al««ays  be  unifonaly  Infected. 

'   Tfia  ehloroplasts  were  usually  Isolated  froM  Infected  plants  six 
4ays  after  Inoculation.  At  tlilt  stage  both  varieties  of  plants  show 
well  advanced  flecking;  in  the  susceptible  Florlland  variety,  however* 
the  flecks  are  chlorotic,  whereas  they  are  necrotic  In  the  resistant 
C.I.  7233  variety.  With  heavy  Infections  the  chlorosis  or  necrosis 
covers  entire  areas  of  the  leaf.    In  fact,  C.l.  7233  aay  appear  auch 
More  badly  da— ged  than  Florlland  because  so  Much  of  the  leaf  tissue 
Is  dead.   No  uredia  are  visible  on  the  surface  of  the  leaves  at  this  tiMe. 
Chloroplasts 

The  chloroplast  preparations  froM  Infected  plants  were  not  badly 
contaminated  with  fungal  Material.   The  first  pellet  (500  x  which 
was  discarded  during  isolation  coatainad  young  spores,  hyphae,  strua*  ' 
tures  which  appeared  to  be  haustoria,  host  cell  wall  4Ar\t  (partlcu* 
larly  In  C.|.  7233  preparations  froM  heavily  necrotic  leaves),  and  the 
larger  chloroplasts.   The  final  pn^ratlon  of  chloroplasts  «Hiich  was 
used  In  the  reaction  Mixture  contained  only  occasional  young  spores, 
hyphae,  and  pieces  of  host  cell  walls.   The  structures  which  appeared 
to  be  heustoria  were  the  greatest  contaMlnant,  especially  In  preparations 


froi  FlortUnd.   They  Mere  not  at  etl  numerous  when  coopered  with  the 
chlorop lefts;  hut  they  were  easy  to  see  under  e  aejMiif lettion  of  ^30 
dieoeters,  they  were  about  two  or  three  tliMS  as  large  as  the  ehloro- 
plastSt  and  they  looked  almost  identleel  to  haustorla  in  vivo. 

Chlorophyll  tg  nitrogen  jnatlgi.-- Individual  ehloroptasts  from  the 
healthy  and  Infected  leeves  appeered  the  same  when  examined  microscopi- 
cally* To  determine  whether  an  observed  reduetion  in  chlorofrfiyll  from 
preparations  ef  Infected  leaves  represented  a  lower  ehloreplast  yield 

;^r  e  lower  chlorophyll  content  in  the  isoleted  chloroplests*  total 
mltrogen  was  also  measured  la  tlw  fNTinMirations.   Six-day-old  leeves 
from  the  four  cetegories  of  plants  were  extracted  routinely  in  0.^  M 

'  )Ncrose.   Totel  nitrogen  was  determlMd  by  the  Henger  technique  of  the 
illcro-RJeldahl  procedure  and  e«flNiMited  for  chlorophyll  nitrogen.  The 
nitrogen  content  was  approximately  the  same  in  the  preperations  from 
healthy  and  infeeted  leavesj  the  chlorophyll  content  dropped  slightly 

■in  preparations  from  Infected  Florttand  and  as  much  as  37  par  eent  In 
preparations  from  infected  C.|.  7233*    Nitrogen  to  chlorophyll  retios 
asleillfltad  from  two  experiments  nare  as  follows:  FlcNrllaad-haalthy, 
2.1(9;  riort land-infected,  2.61;  C.|.  7233-heelthy,  1.89;  CI.  7233- 
infected,  2.5^.   These  results  show  that  the  chloroplasts  isolated 
from  the  infected  Fieri  land  plants  were  not  eltered  significantly  In 
their  composition,  whereas  at  least  some  of  tlie  ones  isolated  from 
infected  C.|.  7233  plents  had  lost  e  portion  of  their  chlorophyll. 

Rates  of  photophosphory let  i on .  —The  retes  of  photophosphorylatlon 
In  chloroplasts  Isoleted  from  Infected  plents  were  only  slightly  different 
from  the  retes  ef  those  isolated  from  comparable  healthy  plaiiti  (Table  7)* 
No  trend  Is  apparent  from  the  Aita.   Tlw  maximum  differences  were 
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RATES  OF  PHOTOPHOSPHORYIATIOU  IN  CMLOROPIASTS  ISOIATCO  FROM 
HEALTHY  AND  RUST-INFECTED  OAT  SEEDLINOS 


fi  uptake  In  imoles^  chl/hr 

Source  of  ■   '  -i''^  ""'   

chloroplestt                            _  u              -   *  •< 

fxpt  I*  Expt  2**              Expt  3* 


Susceptible  ^ 

FlorllerHl-heelthy  218  |5  (gf) 

FlorlUnd-Infected  181  221  99  (282) 

Resistant 

C.I.  7233-healthy  182  158  70  (2^) 

C.I.  7233-lnfected  19^*  »90  6k  (206) 


•Fran  plants  16  days  old,  6  days  after  inoculation;  good 
infection.   Standard  reaction  mixture,  except:   MgCl2»  3  \mo\»*M\i 
tof  \  vol,  2isl.   Reaction  time,  20  min.    Mlimination,  4000  f«c. 
Clil  inmg/bl:   Floriland-liealthy,  0.037;  F lor i land-infected,  0.036; 
C.|.  7233-haalthy,  0.050;  CI.  7233- Infected,  0.0i»9. 

*>From  plants  19  days  old,  6  days  after  inoculation;  heavy 
infection.   Standard  reaction  mixture.   Reaction  time,  15  min. 
Illumination.  2800  f-c.   Chi  in  mg/ml:    Flori land-healthy,  0.037t 
F  lor  Hand- infected,  O.OUU  C.|.  7233-ha«lthy,  O.O^^O;  C.|.  7233- 
Infected,  0.039*  ? 

*Trom  plants  19  days  old,  7  days  afur  Inoculation;  heavy 
infection.   Standard  reaction  mixture.   Reaction  time,  20  min. 
Illumination,  2800  f-c.   Cht  In  mg/ml:    Florl land-healthy,  0.031 1 
Flori  land- infected,  0.028;  CI.  7233-healthy,  0.032;  CI.  7233- 
infected.  0.029.   Figures  In  parentheses  represent  rates  from  flasks 
in  which  the  chloroplasts  were  supplemented  with  supernatant  fractions 
from  healthy  Flori land  preparations. 


•pproKtnttely  M)  |jm»Im  Pt  Uk«R      p«r  ng  of  <diiero|^ii  p«r  hovr, 
tfhieh  is  within  th«  range  of  variations  observed  between  preparations 
of  Ileal  thy  Fieri  land. 

It  seaaad  logical  at  this  tf«a  to  try  to  prepare  a  reaction 
mixture  for  the  chloroplasts  as  sluilar  to  the  cellular  enviroraaent  as 
was  pMslble  in  such  an  artif  tetit  tysten.   One  way  to  4m  this  was  to 
lidd  bacic  other  fractions  of  the  leaves  together  with  the  chloroplasts* 
In  Table  8  are  the  results  fron  a  photophosphorylatton  systen  in  which 
the  ttotated  chloroplasts  from  each  treatsMint  were  recoibined  with 
liheir  respective  supernatant  fractions.   Table  9  Illustrates  a  syste« 
In  which  chloroplasts  fra«  the  two  Infected  varieties  were  oasbiiiod  with 
«Ktracts  fron  healthy  and  infected  leaves.    (The  extracts  differed 
Vfron  the  supernatant  fractions  in  that  they  were  nore  concentrated 
c||ii  contained  Many  a»re  chloroplast  fragMnts.   See  Tablff  $  and  6 
;;^r  descriptions  of  the  preparations.)   Again*  activity  was  not  signl* 
f leantly  different  in  the  preparations  froa  diseased  plants.   The  super* 
IMitant  fractions  and  extracts  apparently  caused  no  response  in  photo- 
phosphorylation  other  than  that  of  stlmlatlng  the  rates  in  all  of  the 
treataants.  The  results  In  T«bla  9  show  that  the  extracts  fron  the 
Infected  plants  did  not  contain  an  Inhibitor  of  photophosphorytatlon. 
The  possibility  of  the  presence  of  a  phosphatase  in  the  extracts  and 
supernatant  fractions  was  also  considered.   Ho  adenosine  triphosphatase 
(tested  as  described  in  the  last  section)  could  be  detected  in  the 
extracts  fron  any  of  the  categories  of  healthy  or  infected  plants. 

Another  consideration  was  the  effect  of  the  parasite  Itself  on 
chloroplast  activity.    Since  the  fungus  can  neither  be  grown  In 
culture  nor  isolated  fro«  its  host  once  It  has  becoaa  established. 
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RATES  OF  PHOTOPHOSPHORYLATION  IN  PREPARATIONS  OF  CHLOROPLASTS  AND 
SUPERNATANT  FRACTIONS  FROM  HEALTHY  ANft, 
RUST- INFECTED  OAT  SEEDLINfiS* 


Pi  upUk*  In  iMoletAm  chl/hr 

Sourc«  of  chloropUtts         -  ;  j^- 
and  supernatant  fraction 

Expt  I"*  EKpt  2« 


Sifteaptlble 

Florlland-healthy  4  $l|         i  372 

F  lor  Hand*  Infected  -'-^''''f;^  HI  .  jji 

Resistant  ^'v'v'r  -'^  ' 

C.I.  7233-healthy  27«»         i  277 

■         7a33-lnfected  .  -  2ii6 


"Supernatant  fractions  prepared  as  descrli>ed  In  Table  5.  Each 
chloroplast  |ira9«r»tion  supplemented  with  its  own  supernatant 
fraction. 

^rom  plants  17  days  old,  6  days  after  Inoculation;  heavy 
Infection.    Supernatant  fractions  diluted  1:2  with  extracting 
solution;  0.1  ml  added  per  vessel.   Standard  reaction  mixture* 
Reaction  time,  15  nin.    Illumination,  2800  f-c.    Chi  in  mg/ml: 
F lor i land-heal  thy,  0.038;  F I or i land- infected,  O.038;  C.|.  7233- 
healthy,  0.039;  CI.  7233- Infected,  0.038. 

^'Fran  plants  19  days  old,  6  days  after  inoculation;  heavy 
Infection.   Supernatant  fraction  undiluted;  0.1  ml  added  per  vessel. 
Standard  reaction  mixture.   Reaction  time,  I5  min.  Illumination, 
2800  f-c.    Chi  inmgAil:    Florlland-healthy,  0.037;  Flortland- 
Infected,  0.0<»l;  C.l.  7233-healthy,  O.O^iO;  C.|.  7233- Infected,  0.039. 


TABU  9 


mU  Of  PHOTOPHOS^HORYLATION  IN  CHLOROPIASTS  FROM  RUST- INFECTED  PLANTS 
SUPPUMENTED  WITH  EXTRACTS  FROM  HEALTHY  AND  INFECTED  PLANTS* 


iwirc*  of  •xtract 


PI  upt«k«  in  iMoles/ing  eh\/hr^ 


F 1 or i land- I nf cetod 


e.l.  7233-liif*ctad 


SuscaptlbU 
F lor I  land-healthy 
F lor t land- infec tad 


289 
277 


2k9 
2J8 


C.I.  7233-healtliy 
C.I.  7233-lnfactad 


mi 
ml 


21t 

212 


Nona 


171 


^Extracts  praparad  a»  dascrlbad  in  Taiila  5. 

^inca  the  extracts  atona  iMid  soma  photpborylattng  activity,  thair 
Pt  uptake  MS  subtracted  fr<p  the  total  uptake  to  give  the  Pi  uptake 
of  the  chlorop lasts. 

Extracts  and  chloroplasts  prepared  from  saae  group  of  plants: 
15  days  old,  6  days  after  Inoculation;  fair  to  good  infection. 
Extracts  undiluted;  0.1  «1  added  per  vessel.    Standard  reaction 
Mixture.   Reaction  tine,  20  min.    lIltMination,  2800  f-c.    Chi  in 
■lAil:   F lor i land- infected,  0.039;  C.|.  7233 -infected,  0.0f»3. 


th«  only  way  to  test  this  effect  Is  with  the  use  of  spores.   As  seen 
fn  Teble  10,  the  rates  of  phosphorylation  In  chloreplasts  Isolated 
from  healthy  plants  were  not  altered  by  the  presence  of  spores  or 
spore  extracts  in  the  reaction  aiixtyre.   The  uredlospores  »fere  sus- 
pended In  water  or  a  dilute  solution  of  TWeen  20  for  several  hours 
prior  to  use  In  order  to  leach  out  the  self-Inhibitor  that  was  present 
In  the  spores.   This  Inhibitor  prevents  genalnation  when  relatively 
large  quantities  of  the  spores  are  present  In  smsII  volunes  of  liquid 
(40).  The  wash  containing  the  inhibitor  was  also  added  to  chloroplast 
preparations,  but  the  ^effect  upon  phosphorylation  was  no  different 
than  when  the  spores  or  the  spore  extracts  were  added.    It  was  found 
that  the  whole  spores  were  uiwat  If  factory  to  uae  with  preparations  of 
cMoroptists  since  they  were  difficult  to  suspend  unlfomly.  When 
^•nough  detergent  (TVfeen  20)  was  added  to  obtain  a  fairly  good  suspension, 
tlie  chloroplast  activity  was  redvMMI.  The  concentration  of  TWeen  20  In 
the  reaction  Mixture  required  to  Inhibit  phosphorylation  50  per  cent 
(Ijq)  was  0.002  per  cent. 

In  conclusion,  rates  of  photosynthettc  phosphorylation  In  Isolated 
oat  chloroplasts  are  not  significantly  influenced  by  crown  rust  Infection 
as  detemined  by  aaasureMnts  aiide  tU  days  after  inoculation. 
\lho\*  leaves 

The  envlrorasental  Influences  upon  photosynthesis  and  the  develop- 
sent  of  infection  were  awntioned  In  the  ••Introduction."  The  effect  of 
darkness  upon  the  developnent  of  the  rust  was  confinaed  by  geminating 
Florlland  oats  In  distilled  water  and  applying  different  dark  and  light 
treataents  to  seedlings  vdilch  were  inoculated  when  they  were  eight  days 
old.    No  pustules  developed  on  seedlings  that  were  k^t  In  the  dark 


TABLE  10 

MTCS  OF  PHOTOntOSPHORYlATtON  IN  CHLOROI^IASTS  FROH  HEALTHY  PLANTS  IN 
THE  PRESENCE  OF  SPORES  AND  SPORE  EXTRACTS  OF  THE  RUST  FUNGUS 


Addition  to 
chloropUsttv 

Pi  uptalie  in  ymoXn/m^  chl/hr 

F 1 or i land-heel thy 

CI.  7233-heaithy 

None 

19* 

Sporos*  v 

119 

m 

Spore  extract'* 

m 

*Urediospores  (30  «g)  suspended  in  17  ■!  O.OI  per  cent  Tween  20 
for  13  hours*  removed  by  centrifugation,  and  resuspended  in  2  nl  of 
the  TWeen  20  solution.    Standard  reaction  Mixture.    Reaction  tiae,  30 
nin.    iDuaination,  2800  f-c.   Chi,  0.035  ais/ml  for  Floritand  and 
0.041  mg/m]  for  CI.  7233. 

^Jrediospores  (20  ng)  suspended  in  k  nl  distilled  water  for  10 
hours,  reaoved  by  filtration,  resuspended  in  I  m1  of  0.05  N  Tris, 
pN  7.5*  and  ground  in  ice-cold  mortar  which  was  rinsed  with  I  «1  of 
the  Tris  solution.    Entire  hoongenate  used  as  extract.  Standard 
reaction  mixture.   Reaction  time,  30  min.    Illumination,  2800  f-c. 
Chi,  0.039  mg/ml  for  Floriland  and  0.041  mg/ml  for  C.|.  7233. 


througHout  th«  entirs  t«st  p«rlod  or  on  thos*  whi<^  Mere  in  the  light 
until  Inoculation  and  then  placed  In  the  dark.   Pustules  developed 
eight  days  after  Inoculation  on  seedlings  that  were  In  the  light  for 
the  entire  period  and  on  those  that  were  In  tha  dark  until  inoculation 
•nd  then  placed  in  the  light.  | 

In  order  to  deteralne  If  the  effect  of  darkness  upon  the  develop- 
of  lafeetion  m»  assoclatad  with  the  prlaary  or  secondary  cycia 
of  pfwtosynthattt,  inhibitors  ware  usad  with  axetsiMi  tnlWted  leavas 
4n  the  light.    CNU,  a  herbicide  which  is  a  specific  and  potent  Inhibl- 
Hr  of  the  oxygen  evolution  reaction  (29,  58),  and  cyanide,  an  inhibl- 
lior  of  carbon  dioxide  fixation,  tfere  chosen.    Cyanide  does  not  poison 
the  reactions  of  the  prlnary  cycle  (photopliosphorylatlon,  oxygen  evolu- 
tion); but  It  Is  not  specific  fW  airbon  dioxide  flMtlen,  since  It  Is 
also  a  strong  Inhibitor  of  respiration  (21).   The  results  obtained  froa 
placinf  Infactad  leaves  In  tha  llfbt  In  test  tubes  containing  solutions 
of  both  Inhibitors  are  shown  tn  Tabta  11.   cm  stopped  the  devalopMant 
:mf  the  rust,    it  did  not  inhibit  coapletely  at  1  ppM  (5  x  10"^  N),  but 
•van  at  this  concentration  only  saall,  occasional  uredla  were  produced. 
Potasslun  cyanide  gave  Irregular  results,  although  at  100  pp«  (I.5  » 
10"^  H)  It  reduced  fungal  growth.   This  irregular  response  was  apparently 
due  to  the  failure  of  the  cyanide  to  enter  the  cells  of  the  host  or  tha 
parasite  since  It  acted  as  a  better  IrAIbltor  when  the  solutions  were 
ftftldlflad  to  pH  6.0.   filucose  reversed  the  action  of  both  inhibitors, 
bat  ft  was  especially  striking  with  CNU.   The  use  of  glueesa  alone, 
and  usually  of  glucose  plus  the  inhibitors,  gave  better  sporulatlon 
than  did  tha  watar  control.   Most  of  the  leavas  were  dead  saven  days 
after  they  were  placed  tn  the  solutions;  However,  the  leavas  tn  the 


TABU  n 


OEVELOPMEMT  OF  WCCINIA  CORONATA  IN  EXCISED  <^T  LEAVES  PLACE8  IN 
SOLUTIONS  OF  CNU  AND  CYANIDE  IN  THE  LIGHT* 


Raactlon  type^ 


TrMUwnt^ 


<     FloriUnd  C.|.  7233 


1%  slucose 

CNU,  I  pp« 
CNU,  10  ppB 
CNU.  10  ppa  *  1%  glucos* 


m 


m 


CHU,  10  ppgi  ■  '*| 


t 


KCN.  to  pp« 
KCN,  100  pp« 

KCN.  100  pp*  ♦  IX  glucot* 


r '  • 

k 

0  -  1 

0 

■f 

• 

0 

0-2* 

"plants  sane  as  those  used  for  chloroplast  studies.    Leaves  cut 
five  days  after  inoculation  (Infection  flecits  beginning  to  show  well) 
and  left  under  sa«e  artificial  lights.    Experiaent  repeated  3  tiMS 
with  different  batches  of  plants. 

''Twenty  ml  of  solution  per  tube;  3  leaves  in  each  tube. 

Standard  reaction  type  classification:    *'(^'  -  no  sporulatlon; 
"if  -  heavy  sporulatlon.   Readings  Made  3  «nd  k  days  after  placing 
leaves  In  solutions.  , 


^hrhe  lower  readings  were  obtained  when  the  pH  of  the  KCN 
solutions  was  reduced  to  6.0« 


1  ppm  CHU  survived  ttw  longest  and  the  fungus  did  not  develop  during 
the  entire  period.  When  spore  gemination  tests  viere  run  with  the 
li^ibltors,  es  mch  as  a  75  per  «ent  Inhibition  of  germination  v#as 
observed  with  10  pp«  CNU.   Neither  1  pp«  CMU  nor  10  and  100  pp« 
eyanlde  were  Inhibitory. 


DISCUSSION 

Phosphate  w f  bol  ls«  and  Infect  lew 

Although  the  work  roported  hers  was  prlMrlly  conccrnad  with 
photoptosphorylatlon,  tba  orlglatl  purposa  was  to  liwastisata  Mora 
than  one  aspeet  of  phosphate  laataholtsai  In  rvtt* Infected  oats,  the 
possibility  that  nucleotides  and  phosphorylated  sugars  are  Important 
In  host-parasite  relatltmshlps  Is  becoming  e  popular  concept.  The 
present  trend  Is  to  explain  respiratory  and  other  metabolic  changes 
In  terms  of  ATP,  AOP.  and  PI  (3,  39.  52).   Critical  analysis  of 
review  articles  and  close  examination  of  original  papers  lead  to  the 
realization  that  such  eiqilanatlons  are  based  on  circumstantial 
evidence.  Insufficient  experlMentationc  and  reasoning  by  analogy 
f real  •  few  carefully  proven  facts. 

Infection  sites  in  susceptible  plants  are  centers  of  high 
activity  (3)«    Increased  demands  placed  upon  the  host  bf  the  parasite 
are  fulfilled  by  Increased  aacidations,  syntheses,  and  transport  of 
food  materials.   Accumulation  of  phosphate  and  various  other  substances 
§1  Infection  sites  of  obligate  parasites  has  been  demonstrated  by  the 
uptake  of  labeled  compounds  (46,  62).   Whether  the  accumulated  phos- 
phate Is  free  or  combined  has  not  been  determined  accurately.  When 
tMSted  nAieat  seedlings  were  fed  p32  through  their  roots,  the  total 
phosphorus  of  entire  infected  leaves  was  no  greater  than  the  tote I 
phosphorus  of  entire  healthy  leaves,  although  there  was  •  definite 
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•ceuMutatlon  around  the  }nf«etton  zones  (23).   Cytologlcal  studies  of 
rusted  oat  leaves  showed  a  lyMlial  phosphate  gradient  ioereaslng 
iiMty  froM  the  tnfeeted  host  eel Is,  Indicating  that  the  fungus  was 
dependent  upon  the  release  of  phosphate  eoMpounds  froa  the  host  (26). 
Mifli  •etivlty  of  acid  phosphatase  has  been  found  associated  with  the 
haustorla  of  powdery  nlldew  on  barley  (9).    In  the  present  work,  an 
experlMnt  was  conducted  with  healthy  and  rust-infected  Ftorlland 
leaves  six  days  efter  Inoculation  In  which  leaf  pieces  were  placed  In 
vessels  conUlning  dilute  phosphate  buffer  (pH  5.5)  for  12  hours  In 
the  dark.  The  Pi  uptake  was  5  ^Molaa  par  ag  total  nitrogen  by  the 
healthy  leaves  and  17  »aw1es  par  Mg  total  nitrogen  by  the  Infected 
leaves.  Although  there  was  no  way  to  deteraine  how  much  the  fungus 
fWrtUlpated  In  the  uptake,  the  results  support  the  concept  of 
Increased  aeeuaulatlon  in  infected  tissue. 
Failure  ^o  support  the  photophosphorv let i on  hypothesis 

Results  of  the  photophosphorylatlon  experlaents  conducted  with 
chloroplasts  fra«  Infected  plants  do  not  support  the  hypothesis 
IM'esefited  at  the  firat  of  this  paper,  viz.  that  the  rust  fungus  would 
sttaufate  phosphorylation  In  ehloroplasts  of  susceptible  plants  but 
not  of  res  I stent  plents.   The  failure  to  detect  respmises  of  photo- 
phosphoryletlon  to  infection  my  be  eicplalned  In  three  weys:    (a)  In- 
fection My  not  cause  changes  in  the  priiary  reactions  of  photosynthe- 
sis in  vivo,    (b)  The  ehloroplest  preparatl<ms  isoleted  fro«  diseased 
leaves  aay  contain  relatively  soiBll  nunbers  of  chloroplests  froa  the 
infection  centers  and  relatively  large  numbers  from  undemaged  or  slight- 
ly damaged  cells.    In  a  heavily  Infected  susceptible  plant,  the  fungus 
appears  to  be  present  throughout  the  entire  tissue,  and  the  chloroplasts 
in  the  invaded  cells  do  not  chan^  shape  or  size  (42).   Therefore,  most 


of  th*  chloroplasts  lsoUt«<l  froM  ttM  infected  Floriland  plants  in 
the  present  eiqieriisents  should  have  cone  from  cells  In  close  contact 
«f{th  the  fynfpus.   But  this  ny  not  have  been  true  with  the  chloro- 
p!«tt«  froM  infected  C.|.  7233  iP»l*litt,  for  in  resistant  varieties  the 

,  chloroplasts  disintegrate  throughout  the  infection  center  within  four 
•r  five  days  after  inocMlatlon  (42).   The  increase  In  the  nitrogen 
to  ehtorepbyll  ratio  of  praparatldns  fro«  leaves  of  C.|.  7233  Indi- 
cated a  loss  of  chlorophyll  in  the  isolated  ehlorc^lasts}  so  apparently 
the  infection  centers  contributed  at  least  sonm  of  the  chloroplasts  in 
the  preparations,    (e)  Isolated  chloroplasts,  even  when  supptesMntetf 
Mith  leaf  extracts,  oMy  have  been  removed  from  chenlcal  or  physical 
•tiaulators  or  inhibitors  that  trauld  noraally  affect  chloroplast 
Activity  in  vivo.   This  Is  a  valid  and  inportant  consideration  when 

i' (dealing  with  any  cell-free  pre^ration. 

'  ,  i    th9  use  of  Isolated  chloreplitts  to  study  uw  progress  of  infec- 
tion by  obligate  parasites  offers  the  distinct  advantage  of  a  systen 
y  la  which  only  a  host  reaction  is  neasured  without  any  danger  of  partici- 
pation by  the  parasite.   But  when  working  with  chloroplasts,  as  wltk 
any  other  particulate  fraction  fro*  the  cell,  one  can  never  be  sure 
what  changes  have  occurred  during  isolation.    Even  when  a  standardixed 
Isolation  procedure  is  used,  the  damage  to  the  chloroplasts  in  one 
preparation  nay  not  be  the  same  as  the  damage  In  another  preparation. 

Raperts  from  the  trter»ttira  Indicate  that  photosynthetle  reactions 
•re  generally  reduced  during  the  course  of  an  infection.    LIvne  (33) 
found  that  photosynthesis  (carbon  dioxide  fixation)  began  to  decline 
tn  rusted  wheat  and  bean  leaves  on  the  third  day  after  inoculation  and 
reached  a  75  per  cent  reduction  during  sporulatlon.  Allen  (2)  found 


oxyfM  •volution  to  doeroose  In  tito  odvoncMMt  stages  of  atltfaw  infaetien 
fNi  illMHit.  IWo  raports  tiova  baan  oiatfa  on  photoaynthatlc  aetivltlas  In 
ehloroplasts  isolated  fron  virus- Infected  plants.    Zaitlln  and  Jagandorf 
03)  Maasurad  trichlorophanol  Indophenot  reduction,  farrieyanida  raduc* 
tlon  with  phosphorylation,  and  PMS-Mediated  phosptorylatlon  in  chloro- 
iplast  prorations  frcm  tobacco  leaves  infected  with  tobacco  aosaie 
¥lnft«  There  were  no  effects  M|NMI  the  reactions  during  tha  first  seven 
^ days  of  infection;  but  there  were  slight  reductions  In  the  activities 

during  the  later  stages  of  the  disease.   Spikes  and  Stout  (SO)  iwasurad 
^illlt  reaction  rates  under  varied  lllunrnatfens  In  ehloroplasts  Isolated 
^  from  sugar  beets  infected  with  virus  yellows.   They  found  that  both  the 
^  fbotochenical  ami  dark  reactions  ware  decreased  by  50  per  cent  In  tlia 
)  Infected  plants  (tiaa  after  inoculation  not  given). 
Jim  of  aaasure»ent 

Since  photosynthetic  activities  In  the  diseased  plant  vary  wltl| 
the  length  of  the  Infection  period,  the  validity  of  aaasurlng  photo* 
phosphorylation  at  the  height  of  the  flecking  stage  prior  to  sporulation 
(sill  ilyt  after  inoculation)»ii«y  be  questioned.   But  fron  all  Indica- 
tions this  period  is  the  one  of  greatest  response  on  the  part  of  the 
Imst.  Onaa  sporulation  baflns,  tha  balance  batMiaaa  best  and  parasite 
tt  tost  and  destruction  of  the  host  Is  well  under  way.   During  the 
flecking  stage  the  eccuaulation  of  sugars  and  starch  reaches  a  MUiMM 
<2,  27)  and  respiration  Is  either  at  its  peak  or  rapidly  approaching  It 
(2,  M().   Therefore,  If  a  stlmlation  of  photophosphorylation  occurs  In 
the  infected  plant.  It  would  be  expected  to  show  up  during  this  period, 
ehloroplasts  cannot  be  Isolated  froai  a  heavily  Infected  resistant  variety 
eight  days  or  longer  after  inoculation  since  most  of  the  leaf  tissue  Is 


Miotosvtitiwitic  Inf  riiedUtes  •£  «  food  50urc»  for  »ir«»Itw 

Indirect  ovldenc*  of  a  rolationship  between  photosynthesis  and 
Infection  led  to  Cutter's  hypothesis  that  tnteraiedletes  of  carbohy- 

Vir«t«  iNitabonsii  My  be  re<|ufrid  for  the  growth  of  obligate  parasites. 
FroHM  (20)  and  then  Mains  (35)  ware  the  first  to  denonstrate  that 

;  rust  developMRt  i>  delayed  la  flantt  that  are  placed  in  the  daric  during 
the  Infection  period*  the  delay  lielng  roughly  proportional  to  the 
length  of  tiae  in  the  darlc.   Forward  (19)  expanded  this  Moric  and  dis- 
covered,  by  using  11  wheat  rufl  differentials,  that  dark  periods  also 
decrease  diseese  severity  as  shown  by  saaller  pustules  and  iwre  hyper- 
sensitive tissue.    If,  however,  the  plants  were  itept  in  the  dark 
thrott^mt  the  entire  infection  period  and  exposed  to  short  intervals 
of  light,  there  was  no  change  in  reaction  type  when  two  or  aore  hours 

y.^f  lif^twere  used  daily.   SeaptoCiS)  found  a  nore  severe  infection 
try  iMery  aildew  In  plants  placed  In  the  dark  for  four  days  tanedi- 
ately  after  inoculation  but  a  less  severe  infection  if  the  dark  period 
^^^1^  Started  severel  days  after  Inoculation*   TrtiMM  Md  Tralease  (51) 
found  that  if  wheat  plants  were  depleted  of  earb<^ydrates  before 
Inoculating  with  powdery  Mildew,  the  fungus  would  develop  if  the  '  " 
Infected  plants  were  placed  under  noraal  light  conditions  for  two 
tfays  before  putting  in  the  dark  but  not  if  they  were  In  the  light 
for  only  one  day.   Using  the  saaa  host  and  parasite  In  histological 
•tudtes,  fh'att  (kl)  fearned  that  the  fungus  developed  equally  well  In 

;  derkness  and  In  li^^t  up  to  the  third  or  fourth  day  following  inocula- 
tion, but  afterward  there  mt  no  further  developiBent  in  tha  dark. 

In  1905  (56)  Ward  reported  that  the  myceliuRi  in  rust-Infected 
plants  was  killed  when  tlw  plants  were  placed  under  light  In  a  carbon 

'    ■  '  ■■  '  f-  .  '       '  .  "  '  ' 


dioKid«-frM  atonsphere  for  a  few  days.   This  has  bean  conflriMd  (35) 
and  aMtandad  (51)  by  showing  that  wMil  Ijmm*  ^  "ot  support  wIldM 
dav«1op«ent  In  a  carbon  dioxida-frea  atnosphare  unless  a  carbohydrate 
source  Is  available. 

After  the  discovery  that  light  affects  the  development  of  the 
Hcasite  In  the  host,  the  next  logical  step  mos  to  determine  If  carbo- 
|iy4r«t«s  could  be  substituted  for  light.   Ntlns  (35)  found  that  no 
pustules  appeared  en  corn  teivet  tnoeutHtAd  with  rust  and  floated  on 
a  mineral  nutrient  solution  In  the  darl(  although  they  did  appear  when 
^ilftiltable  carbohydrate  was  a^ded  to  the  solution.   The  Treleases  (51) 
tested  a  number  of  mono-,  dl-,  and  polysaccharides,  together  with  sugar 
alcohols  at  low  concentrations,  and  found  that  they  were  all  effective 

llie  development  of  mildew  on  deMehed  wheat  leaves  In  the  dark. 
When  sucrose,  glucose,  and  glycerol  were  applied  In  increasing  concen- 
trations, the  fungal  growth  increased  In  proportion  to  the  carbon 
content  of  the  added  materials  until  the  osmotic  pressure  of  the 
solutions  became  limiting.   Not  all  sugars  are  suIUble,  as  Browning 
{\k)  ilemonstrated  by  failure  to  fPt  development  of  rust  in  detached 
oat  leaves  on  solutions  of  L-«rabtnose,  t)-xylose,  and  D*sorbose.  Wtmi 
he  used  other  sugars  which  promoted  fungal  growth,  the  natural  resis- 
tance of  certain  varieties  of  oats  was  broken  down.   This  variation  In 
reaction  type  on  detached  leaves  has  been  observed  by  others  (19,  51) • 

Successful  infection  of  albino  mutants  with  rust  Is  apperently 
no  problim  «s  long  as  the  plant  Is  supplied  with  a  carb<rfiydrate  61). 
iiit  •  debate  exists  as  to  whether  nonfed  albino  leaves  can  support  the 
parasite  (16,  36).   Cutter  (16)  iMi  re^rted  that  variegated  leaves  of 
geranium  do  not  become  Infected  with  rust  except  In  the  green  portions. 


Th«  assMMptlon  that  the  rust  parasite  obtains  its  food  noraally 
through  sona  intermdiata  of  photosynthasis  is  strongthanad  by  tha 
results  obUined  with  CMU  In  the  present  experlnents.   Since  this 
inhibitor  bloclis  one  of  the  primary  reactions  of  photosynthesis,  It 
effectively  stops  carbon  dioxide  f  iMtlon  and  the  carbon  cycle, 
viien  glucose  is  added  together  with  CMJ,  the  hemse  Monophosphate 
shunt  and  glycolysis  are  stlnulated,  and  nany  of  the  interMdIate 
cQHVKMnds  that  are  norMlly  produced  through  the  carbon  cycle  of 
photosynthesis  are  produeed  from  the  breakdown  of  glucose.  However, 
the  direct  effect  of  CMU  upon  the  fungus,  as  shown  by  the  Inhibition 
#f  germination  at  10  ppm,  mutt  net  be  overlooked.   The  results  with 
cyenide  were  not  clear  enough  to  warrant  any  speculations  on  Its  value 
as  an  inhibitor  of  infection.    SamborskI  and  Forsyth  (43)  tested  a 
number  of  compounds  for  Inhibition  of  rust  development  In  detached 
wheat  leaves.   They  found  that  o-^henanthrol Ine  (%«hich,  tike  CMU,  Is 
an  inhibitor  of  OKygen  production  in  photosynthesis)  was  toxic  to 
both  host  and  funfMS. 

Relation  of  primary  cycle  and  carbon  cycle  to  Infection 

Even  If  It  l»  true  that  a  photosynthettc  intermediate  Is  required 
for  the  nutrition  of  an  obligate  parasite,  the  question  still  remains 
as  to  whether  this  Intermediate  is  a  product  of  the  primary  light 
eyele  or  the  secondary  carbon  cycle  of  photosynthesis.   Results  fron 
the  present  ej^riments  and  from  other  work  suggest  that  the  two 
cycles  are  affected  differently  by  the  parasite.   The  capacity  of 
dhloroplasts  isolated  from  rust-Infected  leaves  of  susc<q>tlble  plants 
to  carry  on  photophosphorylatlcm  as  efficiently  as  chloroplasts  from 
comparable  healthy  leaves  Indicates  that  the  primary  light  reactions 


•r«  not  affeetdd  by  th«  parasit*  during  the  first  stagas  of  Infaetton. 
But  tha  rapid  i^uctlon  In  cartMn  dioxida  fixation  reported  by  Livne 
(33)  ffr  ifhole  rusted  leaves  shoMS  that  the  entire  photosynthetle 
process  Is  affected  during  the  first  stages  of  Infection.  SInllar 
differences  have  been  reported  In  photosynthetle  rates  of  wheat  leaves 
Infected  with  powdery  mildew.  Allaii  (2)  carried  out  a  now  classical 
.'•Kperinent  In  which  he  Measured  rates  of  respiration  and  photosynthesis 
together  with  concentrations  of  chlorophyll,  glucose,  sucrose,  and 
,4ltareh.   The  photosynthetle  rate  of  leaf  places  was  Measured  MnaMatrt* 
cally  by  oxygen  evolution  and  was  found  to  vary  only  slightly  during 
tha  flrtl  five  or  six  days  of  Infection  but  to  drop  rapidly  during  the 
later  stages  after  the  parasite  had  reached  Maturity.   When  the  rate  of 
oxygen  evolution  was  Measured  under  llMlting  llluMlnation  and  based  on 
tlit  aMOunt  of  chlorophyll  In  the  tissue,  no  reduction  In  activity  was 
apparent  for  ten  days  after  inoculation.    SoMpIo  (^5),  also  using  the 
saMe  host  and  parasite.  Made  photosynthetle  MeasuraMents  based  on  carbon 
4teNfda  fixation.   His  results  were  siMllar  to  Allen's  except  that  he 
consistently  found  an  Increased  activity  at  the  tiMe  of  initial  sporula- 
iien  before  the  rapid  decline.  AssuMing  that  Allen's  and  SeMpto*t 
Maasurenents  were  accurate  and  that  the  plants  responded  the  same  to 
Infection,  the  discrepancy  in  results  suggests  a  change  in  the  carbon 
eycle  of  photosynthesis  that  was  tacking  In  the  light  phase,  since  Allaii 
Measured  oxygen  evolution  and  SeMpio  Measured  carbon  dioxide  fixation. 
The  failure  of  infected  leaves  to  show  a  decrease  In  photosynthetle 
rates  when  Measured  under  liMltlng  1 1 liminatlon  also  indicates  that  the 
priMary  cycle  was  not  affected  by  the  disease.    Shaw  and  SaMborskl  (46) 
Made  radiographs  froM  short-tara  light- induced  c'^O.  fixation  In  rust-  and 


poMdary  ii!H«M-lnf«etwl  iMvtt.   Although  torn  of  their  «xp«rlMnts 
showed  depressions  and  sone  shoMed  stimilations  of  activities  at  the 
infection  sites,  the  conclusion  was  that  fixation  decreased  In  the 
sporulation  zone  and  increased  In  the  surrounding  tissue. 

Two  explanations  my  be  offered  for  the  changes  that  occur  In 
tiie  carbon  cycle  but  not  in  the  priMry  light  cycle  of  photosynthesis 
in  plants  infected  with  obligate  parasites,    (a)  Intenaedlates  of  the 
carbon  cycle  aay  be  re^iired  as  a  food  source  for  the  parasite,  and 
interference  with  the  cycle  nay  soneiiow  be  Manifest  in  altered  rates 
of  carbon  dioxide  fixation,    (b)  The  only  two  Icnown  ImMdlate  products 
of  the  prinary  cycle,  ATP  and  reduced  triphosphopyridine  nucleotide, 
«ay  be  used  directly  by  the  parasite  or  they  may  be  used  Indirectly  by 
RMdiating.  through  a  non-photosynthetic  pathway,  the  synthesis  of 
Metabolites  which  the  parasite  niiiy  requiroi    Such  a  systeM  would  Make 
the  ATP  and  reduced  triphosphopyridine  nucleotide  unavailable  for  the 
carbon  cycle  and  would  reduce  carbon  dioxide  fixation,  but  it  eould  not 
be  detected  by  sl^pty  Measuring  rates  of  photophosphorylation. 

It  would  be  worth  while  to  separate  the  prlMary  and  secondary 
cycles  further  in  experlMonts  with  infected  plants.  Photosynthetie 
ratios  (the  OMOunt  of  oxygen  produced  to  the  carbon  dioxide  fixed) 
eould  be  obtained  with  whole  leaves.    Inhibitors  such  as  lodoacetaMlde 
tliat  have  been  shown  to  be  speet^lc  for  carbon  dioxide  fixation  (22) 
would  also  be  useful.  -  •.■  x  v*..^;;  .:  <,  -  i^^t,/. 

In  view  of  the  results  on  photophosphorylation  presented  In  this 
paper,  it  is  suggested  that  studies  on  InterMediates  of  the  carbon 
cycle  In  infected  plants  should  be  conducted  as  the  next  step  In  learn- 
ing More  about  the  relationships  between  photosynthesis  and  obligate 
parasittSM.  v  ' 


V   ehloropfatts  c«|Mibte  of  carrying  on  rapid  ratas  of  photosynthatic 
phosphorylation  ware  Isolatad  from  saadiing  laavas  of  haalthy  and 
croMn  ruat-lnfactad  oats. 

An  Invastigatlon  of  tha  character I sties  of  chloroplasts  from 
haalthy  leaves  showed  that  the  Most  active  and  stable  preparations 
inara  obtained  by  using  an  extraatlng  solution  containing  sucrose  and 
ascorbate  at  pH  7.5>   The  optiaal  conditions  for  the  reaction  included 
a  reaction  aixtura  with  ascorbate,  phenazine  aethosuifata,  chloro- 
plasts containing  a  total  of  0.025  -  O.OkS  mq  chlorophyll,  and  a  pM 
of  7*5;  a  reaction  tine  of  10-20  Minutes;  a  gas  phase  of  nitrogen; 
and  an  illMninatlon  of  at  least  2800  foot-candles.   The  supernatant 
fraction  raMining  during  tha  isolation  of  the  chloroplasts,  especially 
fro«  older  leaves,  conUlned  heat-stable  and  heat-lablle  conponents 
which  markedly  increased  rates  of  photophosphorylation.    Flavin  Mono- 
nucleotide or  vitaMin  K^,  although  less  effective,  could  be  substituted 
for  phenazine  Methosulfate.   No  adenosine  triphosphatase  and  negligible 
adenylic  Itlnasa  were  detected  in  the  preparations.   The  characteristics 
of  oat  chloroplasts  were  siMilar  to  those  reported  from  other  sources 
except  that  ascorbate  appeared  to  act  as  an  electron  donor  for  the 
phenazine  methosulfata-Medlated  phosphorylation. 

A  coMparison  of  rates  of  photophosphorylation  in  chloroplasts 
isolated  six  days  after  inoculation  froM  healthy  and  rust-Infected 


iMvfts  of  •  »ute«ptibl«  (Floriland)  and  •  resistant  (6.1.  7233)  vartaty 
indicated  that  Infection  caused  no  significant  differences  In  activity 
based  on  the  chlorophyll  content  of  the  prefM  rat  Ions.   The  addition  of 
extracts  from  Infected  leaves  or  rust  spores  or  spore  extracts  to 
reaction  Mixtures  did  not  alter  relative  rates  of  phosphorylation. 
Chlorop lasts  fro*  the  Infected  resistant  variety  contained  up  to 
one-third  less  chlorophyll  than  those  from  comparable  healthy  plants, 
whereas  no  significant  reduction  was  otoerved  in  the  preparations  from 

V  the  Infected  suseeptTble  plants 

lUist  did  not  develop  in  excised  leaves  kept  in  the  dark  or  in 
SM«h  laaves  kept  In  the  light  and  treated  with  3-(E-chlorophenyl)* 

.^^;:;|«t-dtMathylurea.  —-^i-i^ 

The  lack  of  a  measurable  disease- induced  change  In  photophos- 
phorylation  suggests  that  rust  infection  does  not  interfere  with  the 
primary  light  cycle  In  photosynthesis.   However,  since  the  development 
of  the  fungus  is  dependent  upon  photosynthesis  and  since  carbon  dioxide 

'    fixation  has  been  reported  to  be  reduced  In  rust- infected  leaves,  It  Is 
suggested  that  the  rust  may  obtain  its  food  supply  from  intermediates 
of  the  carbon  cycle.  A  possibility  also  exists  that  the  adenosine 

I   triphosphate  and  triphosphopyrldine  nucleotide  produced  In  the  primary 

;    cycle  are  somehow  utilized  by  the  rust. 

-  f  • .  ^. .  ■  . '  •  '  ■ '   ,    •   '  ■ 
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